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Preface 
For its 'Environment-Economics-Policy-2'studies, the Netherlands Scientific Council for Govern-
ment Policy (WRR) formulated alternative basic attitudes of societies towards sustainability. 
Even though significant economic and cultural developments are expected in all societies and 
countries, a risk-accepting, optimistic outlook on sustainability has substantially different 
implications from a risk-avoiding, pessimistic view. Such alternative concepts have implications 
for the way in which limitations to resources are perceived and dealt with. The WRR attempts 
to translate such alternative concepts into broad frameworks of technical and economic 
environments, and to quantify their implications for use of major resources in the year 2040. 
Results permit to outline the window of realistic options for development of societies, and to 
identify the resource(s) that constrain development in any of these concepts. 
The WRR commissioned and funded partial studies to quantify implications for use of limited 
resources, including energy and land for agriculture and nature. The DLO Research Institute 
for Agrobiology and Soil Fertility (AB-DLO) was requested to determine requirements for food 
production, and to compute the minimum land area required for agricultural production, as-
suming an optimum level of agricultural management. The environmental impact of agricul-
ture was to be estimated as well. As agricultural production in large areas of the world is 
severely restricted by the availability of irrigation water, another study was assigned to Delft 
Hydraulics (WL) to quantify the amount of fresh water available for agriculture in the world. 
Where water proved to be limiting, production was adjusted accordingly. 
Initially, a rather short period (7 months in 1992/93) was available for the food production 
study, which made it necessary to quickly model and integrate data that were readily acces-
sible. From the start, it was therefore clear that refinements could not be made. Within the 
framework of research on 'eco-regional approaches', and based on the 1992/93 research re-
sults, AB-DLO performed additional research in order to improve the overall quality and appli-
cability of the results. This second research period (6 months in 1994/95) was financed by the 
Directorate General for International Cooperation (DGIS) of the Netherlands Ministry of Fo-
reign Affairs. Contacts and discussions throughout the research period allowed the AB-DLO, 
WL and WRR to interact closely. 
The WRR used the results partly for their advisory report 'Sustained risks: a lasting phenome-
non' (WRR, 1995) to the Dutch government. The full results are presented in this report and 
partly in the report 'Global water availability for future irrigated agriculture' (WL, 1992), and 
selections in a number of publications and symposium papers (Penning de Vries étal., 1995a,b; 
Luyten et al., 1995). 
The following persons are acknowledged for their contributions: 
• P.S. Bindraban (AB-DLO), who performed the 1992/93 research and wrote a draft report 
that has been used as the basis for this report; 
• H. van Keulen and F.W.T. Penning de Vries (AB-DLO), who supervised the study during the 
entire 1992/95 period, gave many constructive comments by discussing the research ap-
proach and results, and by reviewing the draft reports, and contributed to the publications 
written on this study; 
J.P.M. Dijkman, M. de Savomin Lohman, R. van Buren, and M. Vis (WL), who performed the 
water availability calculations, and provided us with their data and report; 
O.C.H. de Kuijer and W.J. ter Keurs (WRR), who were our contact persons with the WRR, 
and shared their expert knowledge in translating policy views into appropriate research 
objectives and assumptions, and in interpreting research results. 
J.C. Luvten 
Wageningen, April 1995 
Summary 
Is there an upper limit to global food production? 
Before any planning exercise, it is necessary to carry out an explorative study and to determine 
the ultimate limits. Global food production could be such a limit for global development. Glo-
bal food production, so far, has shown a continuous increase because the cropped area ex-
panded and hectare yields increased. In some regions of the world, however, there is little 
scope for further spatial expansion of agriculture. In other regions crop yields stagnate. Does 
this imply that the world is approaching the limits of food production? The observation of de-
creasing growth in global food production should not mislead us into thinking that we have 
nearly approached that limit. In this study we argue that, while there is an upper limit to food 
production, global agriculture is still far away from it, and that for the world population in 
2040 food security will be ensured. 
The approach in this study 
Maximum world food production studies are not new. We added to previous analysis a discus-
sion on alternative agricultural production systems and human consumption patterns, and 
used more precise information about climate and soil and water resources. For the year 2040, 
food demand is estimated for 15 major regions of the world, based on the population estima-
tes and the human consumption pattern. It is compared with the potential food production in 
these regions, which is derived from the area with soils suitable for cropping and grazing, the 
climatological conditions, the amount of irrigation water available, and the farming system 
used. 
Weather, soil and water data 
Global climate data have been used from the Müller climate database, which consists of ap-
proximately 700 weather stations. Global soil data have been used from a NASA soil map, 
which consists of 15413 records (i°x1° grid cells) subtracted from the FAO/UNESCO Soil Map 
of the World. A simple procedure has been used to determine the areas potentially suitable for 
arable farming and grassland, as detailed global soil suitability data were not yet available at 
the time of the study. Monthly discharges of a large number of major river basins were deter-
mined from information of EPA and GRDC. Subtraction of the amount of water required for 
domestic and industrial use gave the availability of irrigation water per basin. 
Food demand 
As population predictions are speculative, three population growth scenarios based on United 
Nations demographic studies have been considered: a high, a medium and a low growth sce-
nario. By the year 2040, the world population will be roughly doubled, and then probably sta-
bilize. Additionally, it has been examined whether the world population can be fed according 
to an affluent, moderate or vegetarian diet. All diets are considered completely healthy, but 
they differ in protein and energy intake and, consequently, in the amount of plant biomass 
required. To relate food demand to food production, diets have been converted into equiva-
lent amounts of grain. 
Food production 
Two alternative agricultural production systems are considered: a high external input (HEI) sys-
tem and a low external input (LEI) system. The HEI system is characterized by a high degree of 
mechanization and use of significant amounts of nitrogen fertilizer and biocides. It is expected 
that environmental damage can be limited to acceptable levels, so that this way of farming is 
ecologically sustainable. In the LEI system, such practices are considered to be not sustainable, 
hence agriculture should be practiced at a lower level of intensity, with restricted use of mech-
anisation. Legume crops should provide all nitrogen, and no biocides are used. In the latter 
farming system, crop yields are significantly lower. In both systems, potassium and phospho-
rous availability to the crop is assumed optimal, and farmers are assumed to be skilled, well-
informed and to apply the best known techniques for inputs use and sustainable farming 
('best technical means'). Technical coefficients for defining these productions systems have 
been derived from current production systems in The Netherlands, and adapted as necessary. 
Food production is based on production of a standard crop with characteristics of current 
major cereal crops and grass. Crop yield is computed with a relatively simple crop growth 
model, in which growth is determined by temperature and radiation. Application of more de-
tailed models is not justified, because only very global data are available and a 'standard crop' 
is considered. The model has a soil water balance to estimate the irrigation water requirement. 
A detailed nitrogen balance has been added to quantify the requirement for nitrogen fertil-
izer (HEI system) or the nitrogen supply through fixation by legumes (LEI system), and nitrogen 
losses through leaching. Arable farming is much more demanding in terms of suitability of 
soils than grassland. Therefore, we first compute production of arable crops, and then produc-
tion of grass on soils only suitable for grassland. 
Global food production in absolute terms 
The absolute maximum global food production is the production (from grassland and crop-
land) if potential yields can be attained everywhere and if all cropping land can be irrigated. 
This would be 84 and 31 billion ton (grain equivalents) for the HEI and LEI systems, respec-
tively. However, as availability of irrigation water is limited, the attainable maximum global 
food production is lower, 72 and 30 billion ton for HEI and LEI systems, respectively. This is 
about 20 to 10 times the current global production of 4 billion ton. Using all fresh water avail-
able to agriculture for irrigation, 65% of the land suitable for cropping can be irrigated in the 
HEI system, and even 92% in the LEI system (grassland is not irrigated). Irrigated crops 
contribute about 50% of the production totals in both production systems. 
Differences among regions are very large. South America has a huge potential food plus feed 
production which results from a very large area of suitable soil, a favourable climate and abun-
dant water. Clearly, this includes production on soils currently covered with rain forests. On 
the other hand, Northern and Southern Africa and for Western Asia have very low values, 
which are due to poor soils and very limited fresh water resources. 
Food supply versus food demand 
It becomes even more interesting if the maximal food production is compared with the poten-
tial food demand. Nine food demand scenario's were analysed, ranging from minimum popu-
lation growth combined with a vegetarian diet (minimum demand), via medium population 
combined with a moderate diet (medium demand), to maximum population growth combined 
with an affluent diet (maximum demand). Global self-sufficiency indices (ratio food supply/ 
demand) range from 4.2 to 19.7 for HEI, and from 1.8 to 8.4 for LEI. 
The above mentioned global self-sufficiency ratios imply world-wide transport of food from 
surplus to deficit regions. If each region would produce not more than required to feed its 
own population (regional self-sufficiency), and not food would be transport between regions, 
the food security situation changes considerably. 
When HEI-agriculture is practised, all regions can produce food required for an affluent diet, 
except for East, South and West Asia. Also Southeast Asia and West and North Africa come 
close to the lower limit. A less expensive diet provides the only option for escape. The three 
regions with the least leeway will carry almost half of the global population. Europe, the for-
mer USSR, the American regions and Central Africa are well off and need only a part of the 
suitable land to feed their populations. 
Practising LEI-agriculture, only South Asia will always have food shortage. In this heavily 
populated region, there is no way out via less expensive diets or lower population growth. 
Europe could grow all its food on less than half of its suitable soils if the LEI system goes with 
the low food demand scenario. Only the former USSR, North and South America, Central 
Africa and Oceania can consider to offer its population an affluent diet. 
Environmental impact 
Significant levels of groundwater pollution with nitrate seem to be unavoidable in both pro-
duction systems. In absolute terms, both production systems cause about the same pollution, 
but per unit of product, pollution is lower in HEI systems. 
Uncertainties, assumptions and other neglected factors 
The results leave ample room for discussion. Estimates of yields and production levels are not 
accurate, and further improvements in crop production technology irrigation technology are 
possible. The amount of water currently available for irrigation can be approximated, but it 
might change significantly due to changes in regional runoff, land use patterns, or climate. It 
has been particularly difficult to obtain global data on the soil type of surface areas, and on 
the suitability of these soils for arable farming. We consider the lack of detailed global soil 
data as the single most important factor that should be improved for upgrading the quality of 
future studies on the potential production of world agriculture. 
We did not take into account the effect of ecological constraints, social and cultural barriers, 
and economical and political conditions on the food security situation. It is hardly possible to 
quantify these effects. Also, because of such constraints, the assumption of 'best technical 
means' of farming might be unrealistic in some regions, even within 40 years. 

Introduction 
The United Nations projected population growth into the next century and expects the world 
population to stabilise around the year 2040. The world will then carry about twice more hu-
man beings than in 1990 (United Nations, 1992), many of whom will require twice or thrice 
more food. Can the planet Earth provide enough food through socially acceptable ways of 
farming without sacrificing its natural resources? 
Computation of the potential for food production in the world has been the topic of many 
studies. One of the first major studies was performed by Buringh er al. (1975). They estimated 
the maximum world food production under optimal agricultural conditions at 50 billion ton, 
enough to feed at least 30 billion persons, and showed large differences among the conti-
nents. Other studies confirmed these views in more or less detail. 
Better knowledge of soils, fresh water resources, and crop performance allows us to improve 
this estimate. We added also rangelands as a potentially major source of food. Global changes 
in soil and climate make people wonder whether food production is threatened. Furthermore, 
questions are posed whether top yields achieved at experiment stations can be achieved at 
large scale and maintained (World Resources Institute, 1994). Recent studies point at limits 
much below 30 billion human beings, some even as low as the current population of just 5 bil-
lion (Pinstrup-Andersen, 1994; Brown and Kane, 1994; World Resources Institute, 1992, 1994). 
Heilig (1993) argues that the carrying capacity of the earth is a dynamic equilibrium, deter-
mined by human action: we can produce enough food for a doubled or tripled world popula-
tion, but that requires fundamental political, cultural, social and economic changes, especially 
in Africa, Asia and Latin America. 
In this study we do not focus only on the most pessimistic or optimistic view on land use, food 
production and food demand, but we consider alternatives. A first set of alternatives is the size 
of the population, for which we used the UN minimum, medium and maximum estimates 
(United Nations, 1992). The second set of alternatives refers to the demand for food, which is 
the product of population size and per capita consumption. Three different consumption lev-
els were considered: a vegetarian, moderate and affluent diet. All diets are considered com-
pletely healthy, but the affluent diet requires more than three times as much plant biomass as 
the vegetarian diet. 
Thirdly, we address two alternative types of farming, based on contrasting views with respect 
to the use of land. In the first view, society takes risks and is optimistic about the robustness of 
agriculture and environment, and farmers aim at maximum yields for minimum prices. Agri-
cultural practice is characterized by a high degree of mechanization and use of significant 
amounts of nitrogen fertilizer and biocides. It is expected that environmental damage can be 
limited to acceptable levels, and that this way of farming is ecologically sustainable. This agri-
cultural production system is called the 'High External Input system' (HEI). In the second view, 
such intensive practices are considered to be not sustainable, hence agriculture should be 
practised at a lower level of intensity, with restricted use of mechanisation. Legume crops 
should provide all nitrogen, and no biocides are used. Consequently, crop yields are signifi-
cantly lower, but product quality (and hence prices) higher, and impact on the environment 
lower. We call this the 'Low External Input' system (LEI). In both systems, potassium and phos-
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phorous availability to the crop is assumed optimal, and farmers are assumed to be skilled, 
well-informed and to apply the best known techniques for inputs use and sustainable farming 
('best technical means'). 
Several other choices had to be made, among which the level of detail. Availability of time, 
data and knowledge urged us to simplify the study very much: only a single 'standard crop' is 
considered (implying, among others, that cereals, grasses and legumes reach similar yields); soil 
qualities and characteristics were considered uniform within a 1°x 1" grid cell, and climate on 
an even larger scale. Average monthly river discharges and weather data were used. It is as-
sumed that no significant changes in crops, soils, river discharges and climate occur within the 
time-frame of the study. Results are presented for the whole world and for 15 major regions of 
the world (Map 1.1). These 15 regions comprise the 19 regions distinguished in the UN popu-
lation study (United Nations, 1992); we have added the very small area of the Caribbean to 
Central America, and grouped the four European regions into one. 
We studied the availability of water for irrigation purposes and investigated in which way irri-
gation water could be made available in a sustainable way. Total runoff of a large number of 
rivers was calculated on a monthly basis and simple water balances were applied in which the 
availability of water was confronted with the demand. Total water demand consists of the 
demand for domestic use, industrial use, agricultural use (mainly for irrigation), and a use for 
water related to other functions of the water resources, like minimum flows to abate excessive 
water pollution or prevention of saline water intrusions at river mouths. In the allocation of 
the available water to the various users, priority was given to domestic and industrial water 
use. The remaining water was allocated to agriculture in such a way that 25% of the water 
available for irrigation returned to the river system to account for the other uses and functions 
of the water resources system. 
The key objective this study is to determine, for each combination of agricultural practices, di-
ets and population sizes, the maximum number of people that can be supported in each re-
gion, and whether food demand can be met in those regions. We will look at the situation for 
the world as a whole (implying unlimited trade and interregional transport of food), and by 
region separately. Furthermore, the impact of agriculture on the environment (pollution) is 
approximated by estimates of the amount of nitrogen leached to the groundwater and the 
amount of biocides used. 
To compare expected food consumption and potential production, we express both in grain 
equivalents (GE's), a hypothetical weight unit. In the production process, it refers to the quan-
tity of dry grain that would be produced if only one type of crop were grown (a cereal), plus 
the amount of grain that needs not to be produced because of the food (grass) harvested from 
land not suitable for arable farming; the latter product requires conversion via animals for 
human consumption. In the consumption process, GE's refer to the amount of cereals needed 
as raw material for the food consumed, plus the 'opportunity cost' to grow food that cannot 
be produced via 'grain' (e.g. fruit). 
Chapter 2 describes three population growth scenarios, three consumption patterns, and the 
resulting food demand scenarios which have been considered. Chapter 3 explains the basic 
weather and soil data that have been used. Chapter 4 describes the two agricultural produc-
tion systems. The technical coefficients that characterize these systems are given and justified. 
The calculation procedures for the assessment of land suitability for agriculture, identification 
of growing seasons, crop production, and environmental impact are explained. The nitrogen 
balance in the model is set out in detail. In Chapter 5, the global water use and the availability 
of irrigation water is reviewed. Chapter 6 describes the methodology how the different infor-
mation is integrated to calculate the world food production. Chapter 7 presents the results of 
the computations. Maximum production levels are presented and compared with potential 
food demand, for each region, and for the world as a whole. Chapter 8 discusses the underly-
ing assumptions of this study, the results, and some consequences of the implementation of 
these results on society and environment. In Chapter 9, some technical aspects of the model 
software are briefly explained, and a flow diagram of the model is given. 
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Map 1 .1 11 
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2.1 
World population and food require-
ment 
Population growth scenarios 
(Source: Delft Hydraulics, 1992). 
Future population size determines future food requirement, and is therefore considered the 
driving force behind production volumes and fresh water demands required in the future. This 
study, therefore, requires information on the future population size of all countries in the 
world. 
The United Nations (1992) published population projections for various growth scenarios for 
the year 2025 for every country, and estimates for the year 2150 for nine major areas in the 
world (Europe, Northern America, Oceania, USSR, Africa, Latin America, China, India, and 
other Asia). The total projected world population for the low, medium and high growth sce-
nario is illustrated in Figure 2.1. 
Billion people 
1950 1975 2000 
low growth 
2025 2050 
year 
2075 2100 2125 2150 
medium growth — * — high growth 
Figure 2.1 UN population estimates for low, medium and high growth scenario's (1950-2150). 
Figures 2.2a and 2.2b present graphs of the projected population size for the nine regions for 
the period 1950-2150, assuming a medium population growth. 
14 
3500 
Million people 
2150 
Other Asia 
Figure 2.2a UN population estimates for the developing world, medium growth scenario (1950-2150). 
600 
Million people 
100 -
2150 
Europe North America Oceania (former) USSR 
Figure 2.2b UN population estimates for the developed world, medium growth scenario (1950-2150). 
From the year 2000, the UN published only populations projections in steps of 25 years. For the 
year 2040, the time horizon for this study, we estimated population projections per country by 
linear interpolation between the 2025 and 2050 projections, assuming the same population 
growth rate for countries located in the same region. This assumption had to be made since no 
further information on this topic was available. For the low, medium and high growth sce-
nario, population estimates for all countries are given in Appendix A. The results for the 15 
major regions used in this study are presented in Table 2.1. 
15 
Table 2.1 Population (in millions) of 15 major regions of the world in 1990, and estimates for 2040 
for a low, medium, and high growth scenario. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Region 
South America 
Central America 
Northern America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Eastern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
World 
Population [million people] 
1990 
296.7 
151.4 
275.9 
140.6 
193.7 
70.1 
196.9 
40.9 
26.5 
444.8 
1335.6 
1200.6 
131.8 
288.6 
498.4 
5292.5 
2040 
Low 
growth 
481.1 
249.7 
274.1 
276.6 
466.4 
190.1 
537.0 
88.7 
32.2 
657.7 
1502.8 
1964.5 
248.9 
323.2 
436.6 
7729.6 
Medium 
growth 
557.8 
295.7 
327.9 
342.9 
634.9 
240.4 
678.7 
100.3 
37.2 
819.6 
1770.4 
2408.1 
323.6 
369.0 
497.6 
9404.1 
High 
growth 
662.9 
346.8 
397.6 
418.5 
797.6 
285.6 
841.6 
122.6 
44.5 
1005.2 
2098.3 
2888.5 
398.8 
418.8 
563.4 
11290.7 
2.2 Consumption patterns 
The world food requirements are calculated for three different food consumption patterns: a 
vegetarian diet, a moderate diet, and an affluent diet. The composition of these diets in 
amounts plant, dairy and meat products is given in Table 2.2. The vegetarian and moderate di-
ets are considered representative for a moderate consumption pattern, and are satisfactory di-
ets as defined by Bakker (1985). Trends in food intake in developed countries show increased 
meat consumption during the last decades (Van Latesteijn et al., 1992). Extrapolation of these 
trends till 2040 seems unrealistic. The affluent diet is therefore considered to be the upper 
limit of food consumption, and will mostly be found in rich societies. This diet was-also used in 
a recent study on the European Community (WRR, 1992). 
The minimum daily caloric intake for an adult is 10 MJ (Bakker, 1985) and daily protein re-
quirement is on average 1.0 g per kg bodyweight (Passmore and Eastwood, 1986; Voedings-
raad, 1989). In addition to the energy requirement. Bakker (1985) specified quality criteria for 
a minimum diet, based on US dietary standards (Anonymous, 1977). The more detailed set of 
daily requirements for an adult person comprises an energy intake of 10 MJ; to account for 
other nutritional requirements, at least 12% of the energy is to be supplied in the form of 
animal or vegetable protein, less than 30% as fats (but with at least 10 g poly-unsaturated 
fatty acids), and not more than 10% in calorie concentrates, like sugar and derived products. 
These requirements are met in both the vegetarian and moderate diet, and are more than met 
in the affluent diet. No attention is paid to imbalance or over-consumption. 
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Table 2.2 Average daily per caput consumption, energy intake and protein intake for a vegetarian, 
moderate and affluent diet. CF: Conversion Factor of food (fresh weight) to grain (dry 
weight). These values differ between the diets because of a different composition of the 
diets (see Appendix B). GE: Grain Equivalents (g dry weight d"1). 
Vegetarian diet 
Plant products 
Dairy products 
Total 
Moderate diet 
Plant products 
Meat products 
Dairy products 
Total 
Affluent diet 
Plant products 
Meat products 
Dairy products 
Total 
Consumption 
tgd-1 ] 
1335 
122 
1457 
1134 
23 
469 
1626 
938 
225 
354 
1517 
Energy 
intake 
[kJd-1] 
9356 
693 
10049 
7725 
296 
2025 
10046 
6685 
2843 
2012 
11540 
Protein 
intake 
[g d'1] 
66.7 
8.6 
75.3 
50.0 
3.8 
27.4 
81.2 
28.9 
36.7 
26.5 
92.1 
CF 
[kgGE/ 
kg prod] 
0.8 
2.6 
0.92 
0.8 
9.4 
2.4 
1.45 
1.2 
8.5 
3.3 
2.77 
GE 
[gd"1 ] 
1053 
286 
1339 
908 
215 
1232 
2355 
1138 
1907 
1161 
4206 
The diets are composed of plant, dairy and meat products, each product with its specific con-
version factor for G E's. Those conversions factors are the weighed averages of the conversion 
factors of the various products of that product group (see Appendix B). GE's refer to the 
amount of cereals needed as raw material for the products, plus the 'opportunity cost' to grow 
food that cannot be produced via 'grain' (e.g. fruit). A more detailed specification of the diets 
would not improve the quality of the analysis, as accurate information on the conversion fac-
tors is not available. 
The amount of grain required for the affluent diet is almost twice that for the moderate diet 
and nearly four times that for the vegetarian diet. Daily per capita food requirements are set 
at 1.3, 2.4 and 4.2 kg GE (dry mass) for the vegetarian, moderate and affluent diet, respec-
tively. 
2.3 World food requirements 
Total annual food requirement per region is the product of the annual food requirement per 
caput and population size. Estimates for the amount of grain required to feed the world 
population in 2040 is shown in Table 2.3. Data are given for every combination of the three 
diets and the three population sizes. 
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Table 2.3 Estimates for the total world food requirement (109 kg GE yr~1) in 2040, for every combi-
nation of the three population growth scenario's and the three diets. 
1 
2 
3-
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Region 
South America 
Central America 
Northern America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Eastern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
World 
Vegetable diet 
Low 
pop. 
228 
118 
130 
131 
221 
90 
255 
42 
15 
312 
713 
932 
118 
153 
207 
3668 
Med. 
pop. 
265 
140 
156 
163 
301 
114 
322 
48 
18 
389 
840 
1143 
154 
175 
236 
4462 
High 
pop. 
315 
165 
189 
199 
378 
136 
399 
58 
21 
477 
996 
1371 
189 
199 
267 
5357 
Moderate diet 
Low 
pop. 
421 
219 
240 
242 
409 
167 
470 
78 
28 
576 
1316 
1721 
218 
283 
383 
6771 
Med. 
pop. 
489 
259 
287 
300 
556 
211 
595 
88 
33 
718 
1551 
2109 
283 
323 
436 
8238 
High 
pop. 
581 
304 
348 
367 
699 
250 
737 
107 
39 
881 
1838 
2530 
349 
367 
494 
9891 
Affluent diet 
Low 
pop. 
738 
383 
420 
424 
715 
291 
823 
136 
49 
1008 
2304 
3012 
382 
495 
670 
11849 
Med. 
pop. 
855 
453 
503 
526 
973 
369 
1040 
154 
57 
1256 
2714 
3692 
496 
566 
762 
14416 
High 
pop. 
1016 
539 
610 
642 
1223 
438 
1290 
188 
68 
1541 
3217 
4428 
611 
642 
864 
17309 
18 
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Weather and soil data 
3.1 Weather data 
The International Institute for Applied Systems Analysis (NASA) has recently examined the exis-
tence and quality of several collected weather records (Leemans and Cramer, 1991). These re-
cords varied considerably in quality of the weather data, station density, and total area cov-
ered by the available weather stations. The 'Global Climatic Data for Vegetation Science' by 
Muller (1982, 1987), a global set of long-term monthly average values of weather variables of 
978 meteorological stations, turned out to be a high quality database, even though the data 
set contains only relatively few stations. For most stations the series of observations are based 
on a standard record length obtained for the period 1931-1960. If the time-span is shorter than 
30 years, data were mostly collected during the sixties and seventies. Based on the Muller da-
tabase, the IIASA Climate Database was developed (Leemans and Cramer, 1991). 
The weather database used in this study was derived from the Muller database. It has been 
composed and used by Stol et al. (1991) for another agro-ecological characterization study. 
To make the Muller data available for simulation in a flexible way, the data files were trans-
formed into the format of the CABO/TPE Weather System (Van Kraalingen et al., 1990). The 
weather data were analysed for quality control (Stol et al., 1991). A short program was made 
to check a number of consistencies in the data, and a statistical procedure to alert on skew 
distributions of weather variables. The IIASA database was used to adjust records with data 
values that were missing, extreme or incorrect. 
The weather files contain data (average monthly values) on the following variables: 
- minimum daily temperature (°C) 
- maximum daily temperature (°C) 
- daily irradiation (kJ m"2) or daily sunshine duration (hours) 
- monthly precipitation (mm) 
- monthly number of days with more than 0.1 mm precipitation (-) 
- early morning vapour pressure (kPa) 
- mean wind speed (m s"1) 
In addition a weather file contains the name, country, longitude, latitude and elevation of the 
weather station, and two regression parameters for the Angstrom formula (this formula is 
used to estimate daily irradiation from data on sunshine duration (Black etal., 1954)). 
Minimum and maximum temperatures are needed to identify potential growing seasons (see 
Section 4.2). Both temperatures and irradiation (or sunshine duration) are needed to calculate 
the potential production (see Subsection 4.4.2). For the quantification of water limitation, the 
mean monthly precipitation and number of days with precipitation are required (see Subsec-
tion 4.4.3). Early morning vapour pressure and mean wind speed are not used in the model. 
Mean monthly values of the weather variables in the Müller database were assigned to day 
numbers at the middle of the months. 
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Daily values of temperatures and irradiation were derived by linear interpolation. Daily rainfall 
was generated by a random distribution of the average monthly rainfall over the average 
monthly number of raindays (Van Diepen et al., 1988). 
The basis for the geographic component of the study was a terrestrial grid with 1 " longitude 
and 1° latitude resolution. With a standard algorithm, each grid cell was allocated to the near-
est weather station, thus creating a map of climatic zones (Map 3.1). Within a zone the climatic 
characteristics are supposed to be represented by the centrally located weather station. The 
station density varies somewhat over the world: it is very high in Europe, but rather low in 
North America and the former USSR. 
3.2 Soil data 
The Soil Map of the World, scale 1:5,000,000 (FAO/UNESCO, 1974-1981), is a solid basis to 
quantify the world soil resources. This soil classification comprises 26 major soil groups, subdi-
vided into 106 soil units. The soil map consists of about 5000 mapping units, representing as-
sociations of soil units, each composed of a dominant soil and associated soils, the latter cover-
ing at least 20% of the area. Important soils that cover less than 20% of the area are added as 
inclusions (FAO, 1978). However, the digitized version of the map was not available at the time 
of the study, and the parameters required by crop production models cannot be easily derived 
from the mapping units. 
We have therefore used a simpler digitized soil data base from NASA (Zobler, 1986). This data 
base consists of 15413 records extracted from the FAO/UNESCO soil map, each record repre-
senting a terrestrial grid cell of 1" x 1 ' . Grid cells are only included in the data base if more 
than 50% of their area is covered by land. If a cell contains two or more mapping units, it is 
characterized by the unit covering the largest area. Associations and inclusions are recorded by 
a numerical code, similar to the FAO coding at the back of the source map sheets. The slope 
class, phase class and texture class are given for the dominant soil units. 
Three main texture classes are distinguished: coarse, medium and fine. Four combinations of 
the main classes occur; peat soils are indicated separately in the soil data base. Soil texture 
classes refer to the upper 30 cm of the soil. Map 3.2 shows the geographical distribution of the 
eight soil textures. A characterization of the texture classes in terms of clay, silt and sand con-
tent, is given in Table 3.1. The area of each soil texture class as a percentage of the total map 
area is indicated. The remaining area is land-ice or unknown (only a few percent). 
Table 3.1 Composition and percentage map area of the eight soil texture classes (Zobler, 1986). 
% clay 
% silt 
% sand 
% map area 
coarse 
9 
8 
83 
24 
coarse 
medium 
20 
20 
60 
8 
medium 
30 
33 
37 
44 
medium 
fine 
48 
25 
27 
6 
fine 
67 
17 
16 
13 
coarse 
medium 
fine 
35 
19 
46 
< 1 
coarse 
fine 
38 
12 
50 
< 1 
peat 
-
-
-
2 
21 
For use in the water balance model, the water holding capacity of the soils was derived from 
the texture class. This was done on the basis of an earlier estimate of the water holding capac-
ity of soils in the European Communities (Reinds etal., 1991). These European soils were also 
classified according to the FAO/UNESCO system. Table 3.2 gives the volumetric water contents 
at fields capacity and wilting point. The difference between the two is the water holding capa-
city. This is high for loamy soils but low for sandy soils. 
Table 3.2 Volumetric water content (cm/m) at field capacity and wilting point, and water holding ca-
pacity (cm/m) of the eight soil texture classes. 
field capacity 
wilting point 
water holding 
capacity 
coarse 
13 
4 
9 
coarse 
medium 
24 
10 
14 
medium 
32 
10 
22 
medium 
fine 
46 
30 
16 
fine 
54 
44 
10 
coarse 
medium 
fine 
24 
10 
14 
coarse 
fine 
24 
10 
14 
peat 
52 
13 
39 
22 
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Agricultural production 
4.1 Two agricultural production systems 
4.1.1 High External Input (HEI) system 
In the HEI system, crop production is maximized, and realized under optimum management 
and maximum efficiency of use of resources. This is characterized as 'best technical means', i.e. 
all available tools and knowledge aiming at maximizing input use efficiency are applied (WRR, 
1992). Common agronomic practices in current Dutch agriculture are used to quantify the best 
technical means (De Koning étal., 1992). 
The nitrogen requirement is completely covered by inorganic fertilizer. When inorganic fertil-
izer is applied and the soil still contains nitrate, biological fixation of nitrogen by leguminous 
crops is rather low (Nauta, 1979). Therefore, biological fixation of nitrogen by leguminous 
crops has not been considered here. Nitrogen fertilizer can be applied as much as required. 
Potassium and phosphorous availability to the crop are assumed optimal. This may, however, 
lead to excessive nitrogen leaching and pollution of the environment. The only production 
limiting factor in the HEI system is water. 
The most effective methods of weed, pest and disease control are used to avoid any yield loss. 
There are no restrictions in biocide use. 
4.1.2 Low External Input system (LEI) 
Currently, various agricultural production systems are being implemented with the main goal 
to resort to sustainable agriculture and to minimize environmental risks. The LEI system is 
based on the most profound principles of those systems (Koepf etal., 1982; Janssens, 1992). 
Production is obtained under optimum management and best technical and ecological means. 
These are quantified using currently applied techniques and cultivation practices in integrated, 
ecological and biological production systems (Koepf etal., 1982; Vereijken, 1990; Vereijken 
and Wijnands, 1990). This may result in adjustment of current crop rotations to optimize crop 
protection and fertilizer strategy (Wijnands etal., 1992). 
No chemical fertilizers and biocides are applied. Nitrogen is introduced in the system through 
biological fixation and is circulated in the system through manure. Nitrogen availability may 
restrict crop growth as the amount of nitrogen fixed by leguminous crops and carried over or 
recycled to other crops is limited. Potassium and phosphorous availability to the crop is as-
sumed optimal. The production limiting factor in the LEI system is either water or nitrogen. 
Under skilled management aimed at preventing weed, pest and disease infestation, yield re-
duction due to pests is limited. Herbicide application is replaced by mechanical weeding. The 
control of pests and diseases is completely carried out by means of prevention with judicious 
crop rotations and biological control. The rotation is selected such that it optimizes both crop 
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protection and availability of nutrients (Vereijken and Wijnands, 1990). However, an average 
yield reduction due to pests of 10% is assumed, while locally major yield reductions may occur 
due to calamities. 
4.2 Identification of potential growing seasons 
Annual production volumes depend on both crop yield and number of crops that can grow per 
year. Temperature is the only factor that determines crop development. Irradiation, precipita-
tion, and possible water or nutrient limitations have no influence on the length of the grow-
ing periods. 
To identify the number and length of potential growing seasons within climatic zones, a pro-
cedure was developed that scans the daily course of minimum and maximum temperatures 
throughout the year. The objective of this procedure is to identify periods with temperatures 
suitable for crop growth. The temperature constraints for growing seasons are: 
- a minimum and maximum temperature; 
- a base temperature for crop growth; 
- a minimum and maximum temperature sum requirement. 
Minimum and maximum temperatures. 
These are threshold temperatures which define the temperature range between which crops 
can grow. In previous calculations minimum temperatures of 0 °C (temperate) and 10 °C (tro-
pical) and a maximum temperatures of 35 °C were used. These values have been changed into 
0 °C (temperate and tropical) and 40 °C, respectively. There was a profound ground to widen 
the temperature range, especially with respect to tropical areas. Maximum daily temperatures 
in some tropical areas (e.g. Mopti and Gao, Mali) can easily exceed 35 °Q which, in reality, is 
no constraint for continuation of the growing season. In other tropical areas (e.g. Luxor and 
Mut Egypt), temperatures can drop below 10 °C at night during the greater part of the year, 
while temperatures in the afternoon still reach 25 °C, which are still good conditions for crop 
growth. In both cases, a temperature range of 0-40 °C results in a much more realistic pattern 
of growing seasons than the 10-35 "C range will. 
Base temperature for crop growth 
This is the minimum effective temperature needed to increase the accumulated temperature 
sum1 (the effective temperature is the average of daily minimum and maximum temperature). 
The base temperature has been set at 10 °C for tropical regions and at 0 CC for temperate ar-
eas. The distinction between temperate and tropical areas reflects the fact that in temperate 
regions mostly C3 crops are cultivated, and in tropical regions mainly C4 crops grow. C3 crops 
have a lower base temperature than C4 crops. We characterized the following areas as tem-
perate zones: North America north of 33 °N latitude, whole Europe, Asia north of 30 °N lati-
tude, South America south of 32 °S latitude and Australia south of 28 °S latitude. All other 
areas are considered tropical. 
= (Tmax-Tmin)/2 and ATsum = max (OJeff-Tbase). 
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Minimum and maximum temperature sum requirement 
To complete a growing season a temperature sum between 1600 cCd (early, short growing va-
riety) and 1850 °Cd (late, long growing variety) is required (Van Heemst 1986a, 1988; Versteeg 
and Van Keulen, 1986; Van Keulen and Seligman, 1987; Penning de Vries étal., 1989). 
A day is suitable for crop growth if the daily temperature lies between a minimum and maxi-
mum temperature. A period of consecutive suitable days forms a growing season if the accu-
mulated temperature sum, above a base temperature, exceeds the minimum requirement. 
Three situations can be distinguished: 
- temperature conditions are never suitable; 
- temperature conditions are sometimes suitable; 
- temperature conditions are always suitable. 
If temperature conditions are not suitable for crop growth, (i) no growing season can be 
identified. If only part of the year has suitable conditions for crop growth, (ii) the procedure 
identifies for each climate zone the first suitable day and starts a planning procedure for 365 
consecutive days. The start of the first growing season is set at the first day that the minimum 
day temperature exceeds its lower bound, or that the maximum day temperature drops below 
its upper bound. If temperature conditions are always suitable, (iii) the procedure starts a 
planning procedure on the first Julian day for 365 consecutive days. The start of a growing 
season coincides with seeding. The growing season is terminated if the accumulated tempera-
ture sum exceeds the minimum requirement, while the minimum or maximum day tempera-
ture reaches a value outside the limits, or if the maximum temperature sum requirement is 
reached, while temperatures are still within the limits. If the minimum or maximum day tem-
perature reaches a value outside the limits, and the temperature sum has not reached the 
minimum requirement, no growing season is identified. 
If temperature has exceeded the defined limits, a next season can be identified from the first 
day that temperatures are within the limits again. If the maximum temperature sum require-
ment was met while temperatures where still suitable for crop growth, a next growing season 
may be identified after a short intercrop period. An intercrop period of 2 weeks for the HEI 
and 4 weeks for the LEI system has been set. The maximum number of growing seasons per 
year was set at 3 for the LEI and 4 for the HEI system. Managerial limitations and time required 
for the leguminous crop to fix nitrogen (only LEI), do not allow more frequent cropping. 
Currently, for instance, five crops are grown per two years in Central Thailand and parts of 
Java. 
Maps 4.1 and 4.2 show the number of potential growing seasons for each climate zone for the 
LEI and HEI systems, respectively. A difference in the number of growing seasons between LEI 
and HEI at the same site, is only caused by the difference in intercrop period length. It appears 
that there are no climate zones with four growing seasons for the HEI system. 
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4.3 Suitability of land for agriculture 
For calculation of production volumes, the potentially suitable land areas for food production 
have to be assessed. Various such attempts have been made (Buringh et ai, 1975; Reinds and 
Van Lanen, 1992), but the huge amount of data that would have to be processed to obtain re-
liable estimates has always hampered accurate assessment. Recently, a 10-year project has 
been initiated by the International Soil Reference and Information Centre (ISRIC)to assess land 
characteristics, like suitability for crop production (Baumgardner, 1986; Batjes, 1990). 
The suitability of soil and terrain for modern farming is defined as the fraction of the area 
suitable for mechanized cultivation where crops can be grown without soil-related constraints; 
the remainder is not cropped and available for other purposes, including nature, infrastructure 
and recreational areas. The basis for our suitability assessment is the NASA data base (Zobler, 
1986). Grid cells can be classified into 26 soil types, 19 soil phases2 and 9 soil slopes. For each 
of the three factors we assigned a value between 0 and 1, based on criteria applied by FAO 
(1978) and expert knowledge (Van Keulen, pers. comm.). The product of the three fractional 
suitabilities has been used as the overall suitability of the grid cell for modern farming. The 
suitable area has been corrected for the area occupied by lakes and rivers, but occupation of 
land by cities, forests or any other non-agricultural use has not been taken into account. The 
calculation procedure and soil parameter values used are given in Appendix C. The land suit-
ability estimate is open for improvement (cf. Leemans and Van den Born, 1994). 
The geographical distribution of the fractional land suitabilities for arable farming, base on 
the soil type, soil phase, and soil slope, are presented in Maps 4.3, 4.4 and 4.5, respectively. 
The overall land suitability for arable farming and grassland is presented in Maps 4.6 and 4.7, 
respectively. Table 4.1 gives the total area of land, and average suitability for arable farming 
and grassland, per region and for the world as a whole. The distribution of the suitability of 
individual grid cells in five classes is given in Appendix D. 
For comparison, data on total and currently cultivated land (both cropping land and grassland) 
according to FAO (1991b) and our data are summarized in Appendix E. They agree fairly well. 
LEI systems may be less demanding than HEI systems, but we have not made that distinction 
for lack of a specific basis. However, we did assess land suitability separately for arable farming 
and grasslands, because arable cropping is much more demanding in terms of qualities of soil 
than grass production. The world's average soil suitability for grassland is 0.64, while this is 
only 0.31 for arable farming. In our model we first grow grain on all land suitable for arable 
farming and then grassland on the remaining land suitable for pastures only. The area crop-
ping land is about the same as the area grassland (31 % vs 33% of the world total). 
Table 4.1 and Maps 4.6 and 4.7 show that land suitability is very irregularly distributed at small 
and large scales. That of Central Africa and South America stands out as a relatively high value, 
while those of Southeast Asia and the former USSR are low. Northern Africa and Western Asia 
have a very low suitability for arable farming, but an average suitability for grassland. 
^ Soil phases indicate land characteristics relevant to the use or cultivation of the land. 
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Table 4.1 Total land area (in 10*> ha) according to the model, and the average fraction of the land 
suitable for modern agriculture, either for arable farming or for grassland, by region and 
for the world. 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Region 
South America 
Central America 
Northern America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Eastern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
World 
Total area 
(106ha) 
1677 
232 
1595 
789 
590 
630 
588 
261 
787 
347 
1104 
646 
413 
2086 
458 
12203 
Suitability 
grassland 
0.820 
0.687 
0.560 
0.696 
0.737 
0.860 
0.796 
0.743 
0.768 
0.580 
0.523 
0.600 
0.660 
0.378 
0.725 
0.637 
Suitability 
arable farming 
0.508 
0.239 
0.301 
0.173 
0.361 
0.505 
0.432 
0.342 
0.360 
0.223 
0.214 
0.305 
0.145 
0.207 
0.261 
0.312 
4.4 Crop production 
Total annual crop production is the product of crop yield and number of crops per year. Actual 
crop yields are often (much) below the potential yield, because of water- and/or nitrogen-
limitations during the cropping seasons. These aspects are dealt with in this section. 
4.4.1 The crop growth model 
The crop growth model used in this study is based on LINTUL, the light interception and light 
utilization model as described by Spitters (1987) and Spitters and Schapendonk (1990). LINTUL 
is a simple model, that simulates biomass production on a daily basis, using the FORTRAN 
Simulation Environment (Van Kraalingen, 1991). It requires few parameters, and is very suit-
able for a global study with limited information. Figure 4.1 gives a flow diagram of the crop 
growth model. 
Our model simulates a 'standard' crop, with characteristics comparable to those of current 
major cereals and grass. Grain and grass differ only in the value of the harvest index (HI, the 
fraction harvested of the total above ground dry mass). Hectare yields are expressed in grain 
equivalents. 
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Figure 4.1 Flow diagram of the crop growth model. 
We modified the original LINTUL model on two major points. The water balance model has 
been extended to compute, in addition to potential production and évapotranspiration, also 
water-limited production and évapotranspiration. Combination of these data enabled us to 
quantify a possible requirement for supplementary irrigation in areas with precipitation short-
ages. It has been assumed that soils in the water balance model are not layered or cracked, 
well-drained, and 0.6 m deep; there is no run-off, and no watershed level storage of water. We 
have also added a soil nitrogen balance to the model. This balance is necessary to determine 
the nitrogen-limited yield in the LEI system and fertilizer requirements in the HEI system. 
Section 4.5 explains the soil nitrogen balance in detail. 
4.4.2 Potential crop production 
Assuming no limitations to water and nutrient availability, crop growth rate depends only on 
the photosynthetically active radiation (wavelength 400 to 700 nm) intercepted by the foliage 
(Monteith, 1981), which is a function of the prevailing radiation level and the area of green 
leaves. In a constant environment, leaf area generally increases logistically during the juvenile 
stage. For the standard crop however, a linear increase during this phase (from 0 to 600 °Cd) is 
assumed, which reflects light interception sufficiently accurately (Van Heemst, 1986a). After a 
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period of full light interception (lasting 400 to 650 °Cd), the rate of leaf senescence exceeds 
that of new leaf formation and light interception decreases linearly with heat sum towards 
maturity (1600-1850 °Cd). Daily dry matter production follows from intercepted radiation by 
multiplication with the light use efficiency, which equals 3.0 g dry mass MJ'1 for the standard 
crop (Monteith, 1981, 1990; Gallagharand Biscoe, 1978; Goudriaan and Van Laar, 1994). 
At harvest, 10% of the biomass is in the roots (Barraclough, 1984; Gallagharand Biscoe, 1978). 
The remainder is multiplied with the harvest index (HI). We have used the following values for 
the HI, which are representative for current major cereals (Van Duivenbooden, 1995): 0.4 (LEI, 
grain), 0.45 (HEI, grain), 0.7 (LEI, grass) and 0.6 (HEI, grass). The grass values are rather low to 
reflect that some of the areas are difficult to reach for animals, or have top soils that are sus-
ceptible to physical degradation. The grass HI value for LEI is higher than that for HEI because 
we assume that the LEI pastures are exploited better and have a higher quality. The grain HI 
value is for LEI lower than that for HEI because the nitrogen-stress in the LEI system accelerates 
self-destruction (Sinclair and De Wit, 1975, 1976; De Ridder et a/., 1981). 
4.4.3 Limitations in water availability 
A soil water balance model for a freely draining soil profile simulates available soil water 
(Spitters and Schapendonk, 1990). The daily rate of change in soil moisture content in the root 
zone results from precipitation, évapotranspiration and percolation. Percolation occurs when 
precipitation would lead to a soil moisture content exceeding the water holding capacity of 
the root zone. Evapotranspiration is derived from the reference évapotranspiration (ETREF), 
calculated from radiation and temperature (Makkink, 1957; De Bruin, 1987). ETREF applies to 
a short closed grass crop. Potential crop transpiration is equal to ETREF, multiplied by a con-
stant factor for the standard crop, and taking into account the effect of canopy cover (leaf 
area index). Soil evaporation is also derived from ETREF by first correcting for the presence of 
the canopy cover, and subsequently taking into account the reducing effect of drying of the 
top soil layer (Van Keulen and Seligman, 1987). 
Actual transpiration rate drops below the potential transpiration rate under water-limited 
conditions. Actual crop growth rate is equal to the potential growth rate multiplied by the ra-
tio of actual and potential transpiration. That ratio decreases linearly with decreasing soil 
moisture content from unity at a critical soil moisture content, to zero at wilting point. The 
critical moisture content increases with increasing ETREF (Driessen, 1986). 
The amount of water required in addition to rain to meet the water demand for potential 
growth, follows from subtraction of the total amount of water available for water-limited 
production from the total water demand for potential production3. The irrigation require-
ment can be estimated by dividing this water requirement by an application efficiency. The 
application efficiency may vary substantially, depending on actual conditions. High efficiencies 
may be obtained with micro-irrigation systems, but efficiencies may be as low as a few percent 
in less advanced systems (Council for Agricultural Science and Technology, 1988). Although the 
average actual application efficiency is about 0.35 currently, we have used a higher value of 
0.5 to represent the 'best technical means' (Doorenbos and Pruitt, 1977). 
3
 Actual limited prod. = minimum (water-limited prod., N-limited prod), and actual potential prod. = minimum 
(potential prod., N-limited prod.). If nitrogen is the -factor that determines the production level, the water 
requirement needs to be adjusted compared with the production level where nitrogen would not be limiting. 
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4.4.4 Limitations in nutrient availability 
By far the most important nutrient is nitrogen. In the HEI system N fertilizer can be applied as 
much as required, but in the LEI system, no fertilizer is applied and nitrogen can become a 
growth limiting factor. Other nutrients, like phosphorous and potassium, are considered to be 
sufficiently supplied through recycled waste products and natural fertilizers added. Phospho-
rous and potassium requirements and losses are generally low, and these nutrients can be 
recycled almost completely (Vereijken, pers. comm.). 
Under restricted N supply, cereal crop yield is linearly related to N uptake (Van Keulen, 1986; 
Van Keulen and Seligman, 1987). The yield-nitrogen-uptake relation for rice shows grain yield 
(15% moisture) to increase 50-80 kg for every kg of additional nitrogen absorbed (Van Keulen, 
1986; Daradjat et al., 1991). For maize and wheat, values between 55 and 70 kg kg*1 are com-
mon (Van Keulen and Van Heemst, 1982; Van Keulen and Seligman, 1987). Such nitrogen use 
efficiencies (NUE) result from conservative values of the N concentration in straw and grain, 
and the harvest index (HI). Under nitrogen-limited conditions, N concentration of grains varies 
from 0.8 to 1.2% for major cereals. Under non-limiting conditions, N concentrations in wheat, 
rice and maize grains are approximately 2.2,1.4 and 1.5%, respectively. Straw N concentration 
does not vary much among species or under different production situations and has been set 
at 0.4% for N-limiting conditions. 
We have set NUE to 120 and 112 kg dry mass kg-1 N for the LEI and HEI systems, respectively, 
on the basis of a grain N concentration of 1.5%, a straw N concentration of 0.4%, and the HI 
values mentioned in Subsection 4.4.2 (Sinclair, 1990). Identical values are used for grain and 
grass. 
4.5 The soil nitrogen balance 
As processes related to the nitrogen are of crucial importance to both production and pollu-
tion, soil nitrogen balance processes are discussed extensively in this section. In a sustainable 
system, the quantity of nitrogen in the soil should remain constant (on average), so that the 
level itself needs no consideration. 
4.5.1 Non-fertilizer nitrogen supply 
4.5.1.1 Biological nitrogen fixation 
Atmospheric nitrogen-gas can be fixed by micro-organisms in symbiosis with plants or as free-
living organisms. High fixation rates are only obtained under favourable environmental condi-
tions, including optimum supply of water and phosphorus. Many more factors influence the 
fixation process. This explains the great variability in experimental results (Commissie onder-
zoek biologische landbouwmethoden, 1977; Giller and Wilson, 1991). Fixation rates, for in-
stance, are negatively correlated to inorganic nitrogen availability (Roughly etal., 1983). 
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Under optimum management, significant amounts of nitrogen are fixed. Schröder (1988) and 
Nauta (1979) report fixation rates in the Netherlands in lucerne and clover crops exceeding 300 
kg N ha"1 per season. Other sources report fixation rates by other common leguminous species, 
like field beans and peas, to equalize or even exceed this value (Parnes, 1986; Grashoff et al., 
1987; Huber, 1988; Smilde, 1989; Timmer, 1989; Andren etat., 1990; Humme, 1990; Neuvel, 
1991). In the United States, fixation rates of 250 kg N ha-1 have been reported (Anonymous, 
1989). Under tropical conditions, fixation rates can be twice as high as under temperate condi-
tions (Prasad, 1986). When inorganic N fertilizer is applied and the soil still contains nitrate, 
biological fixation rates are much lower and generally do not exceed 100 kg N ha"1 per season 
(Nauta, 1979). However, this does not apply to the LEI system. 
The amount of N fixed is related to the duration of the cropping season. The daily N fixation 
rate is therefore a more appropriate parameter in determining N fixation. Giller and Wilson 
(1991) report daily fixation rates for Azolla species and grain legumes to range from 0.4 to 3.6 
and 0.5 to 2.8 kg N ha"1, respectively. Similar values can be derived from the data given above. 
We have used 3 kg N ha"1d"1 as the standard fixation rate during the growing season. About 
half of the nitrogen fixed is used by the leguminous crop in the first year of the rotation. The 
carry-over of nitrogen to crops following legumes ('residual benefit') is the basis of this crop-
ping system. Expressed in N fertilizer equivalents, it ranges from 50 to 120 kg N ha"1 in the first 
year, and from 20 to 40 kg N ha"1 in the second year (Nauta, 1979). Schröder (1988) showed N 
supply through lucerne in the first year to replace a fertilizer application of 75 kg N ha"1 from 
roots and stubble only, and in the second year of 25 kg ha"1. Giller and Wilson (1991) give ex-
amples of residual benefits under tropical conditions of 60 kg N ha"1. Because of lower recov-
ery of nitrogen from organic components compared to chemical fertilizer, N supply through 
legumes can be estimated to be about 50% higher. This indicates that temperate and tropical 
crops are not very different with respect to N fixation and carry-over. 
Fixation by free-living organisms (among others algae) is about 10 to 15 kg N ha"1yr1 (Nauta, 
1979, Koepf etal., 1982). Fixation under tropical conditions varies greatly, but can reach higher 
rates according to Prasad (1986). On the other hand. Giller and Wilson (1991) conclude that re-
liable estimates for the amounts of nitrogen contributed by free-living organisms are lacking, 
and state that they rarely exceed 5 kg N ha"1yr1. We have used a value of 3 kg N ha"1yr1. 
4.5.1.2 Nitrogen deposition 
Atmospheric deposition, both wet and dry, can supply considerable amounts of nitrogen. For 
the Netherlands, values of approximately 50 kg N ha"1yr1 have been observed and an average 
deposition of 30 kg N ha"1yr_1 has been estimated for Europe (Aarts and Middelkoop, 1990). 
However, these high values are associated with industrial and agricultural activities that are 
not consistent with the view of a society that wants to avoid pollution. Andreae et al. (1989) 
and Schneider and Grant (1982) report average natural N deposition in temperate regions that 
are much lower: 2 kg N ha"1yr1. Stoorvogel and Smaling (1990) found actual deposition for 
Sub-Saharan Africa to correlate with rainfall, ranging from 0.5 to 10 kg N ha"1yr1. According 
to Smaling (pers. comm.) global natural deposition will not exceed 2-3 kg N ha"1yr1. We have 
used a deposition rate of 2 kg N ha"1yr1. 
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4.5.1.3 Crop rotation 
Cultivation of leguminous crops must be included in the crop rotation, to ensure a nitrogen 
supply through biological nitrogen fixation. A complete definition of a crop rotation system is 
beyond the scope of this study. The actual implementation of crop rotation will depend on 
many factors and is site-specific, so appropriate production systems should be developed 
locally. 
Nauta (1979) calculated the relative area required to satisfy the N demand of grain and root 
crops through N fixation by legumes. He aimed at 75% of the current yields. Assuming a closed 
N cycle, he found that 32% of the land should be cultivated to legumes. At a biological-
dynamic farm in the Netherlands, N fixation and recycling allowed cultivation of two-thirds of 
the area with non-leguminous arable crops (Buys, 1991). Heyman (1973), Vereijken (1990) and 
Vereijken and Kloen (1992) suggest a crop rotation with one leguminous crop every three 
years, taking into account both N fixation and crop protection. In line with these results, we 
have used a rotation of one leguminous crop and two grain crops. For pastures, the crop con-
sists of a grass-clover mixture. 
The amount of N fixed by a leguminous crop in a cropping season is set at 255 kg ha"1 (85 days 
x 3 kg ha^d"1). Asymbiotic fixation and natural deposition add 5 kg N ha^yr1. The annual 
amount available per crop is than 255/3 + 5 = 90 kg N ha_1yr"1. This value is the average of the 
higher availability for the first crop and the lower for the two subsequent. Identical values are 
applied in temperate regions and in the tropics. This rate of N supply is only 35-50% of that for 
the crop in the HEI system, and yields are, consequently, proportionally lower. 
4.5.2 The model of the soil nitrogen balance 
Under nitrogen-limited conditions, the N concentration of mature crops is a conservative 
property, implying that the amount of biomass produced and the quantity of N absorbed (or 
fixed) are proportional for legume and cereal crops. The ratio between N absorbed and N 
applied is not constant, but depends on soil type, weather conditions, fertilizer type, method 
and timing of application, and root characteristics. Part of the N applied that is not recovered, 
is lost as NO3 by leaching to the groundwater, or lost as NOx, NH3 and harmless N2 in the at-
mosphere. Van Keulen and Van Heemst (1982) demonstrated that two characteristics are par-
ticularly important to quantify the absorbed part of the N: (i) the amount of nitrogen supplied 
by the unfertilized soil, and (ii) the nitrogen recovery, i.e. the ratio of the amount of N absor-
bed by the crop minus that supplied by the unfertilized soil, divided by the amount of N 
applied. The nitrogen recovery is crucial in this study, as it links food production and N fertil-
izer, but also N application and N loss. As we deal with long-term prospects, it is assumed that 
following a long period of stable management, soil organic matter content has reached a 
steady-state condition. An N balance for such a system has been defined. 
Figure 4.2 presents the key processes and nitrogen pools of the soil nitrogen balance. Note 
that for the LEI system, the pool 'Nfer" and process 'b' do not exist, and that for the HEI 
system, process 'a' is only natural deposition, and pool 'Nfix" is only naturally deposited N. 
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Figure 4.2 Nitrogen pools and processes of the soil nitrogen balance. 
Pools: Nfree = free N2 gas; Nfer = N fertilizer; Nrec = recycled N; Ncrop = Nupt = N uptake 
in the crop; Neons = lost N through consumption; Nfix = biologically fixed and naturally 
deposited N; Ntmp = temporary pool of unrecovered N, partly 'undetectable'; Nloss = lost 
N; Nleach = leached N; Nden = denitrified N. 
Processes: a) biological fixation and natural deposition; b) fertilizer N input; c) N uptake; 
d) organic N input; e) human and animal N consumption; f) N recycling; g) recovery fertil-
izer N; h) recovery organic N; i/j) mineralisation and immobilization of unrecovered N; k) 
recovery mineralized and immobilized N; m) denitrification; n) leaching 
4.5.2.1 Nitrogen recovery 
The N recovery depends on environmental conditions, like soil properties and climate. The in-
teractions between both determine the rates of the processes in which nitrogen is involved in 
the soil, i.e. mineralisation/immobilization, nitrification/denitrification, leaching, etc. The bal-
ance of these processes determines availability of nitrogen to the crop and hence recovery. 
Recoveries are highest under optimum soil moisture conditions, and tend to be lower both 
under water-limiting conditions, hampering uptake (Buresh etal., 1990) and under very wet 
conditions, inducing leaching and denitrification (De Wit, 1992). A range of recoveries has 
been defined as a function of seasonal precipitation surplus and soil texture (Appendix F), 
based on expert knowledge (De Koning etal., 1992; Van Keulen, pers. comm.). 
N recovery from organic sources, i.e. leguminous crop residues and organic waste, is assumed 
to be two-thirds of that of N fertilizer, as supply and crop demand of nitrogen are better syn-
chronized with fertilization than with biological fixation (Van Keulen, Schröder, pers. comm.). 
This value is confirmed by data from Nauta (1979) and Huber (1988). Consequently, a smaller 
fraction of the nitrogen applied to fields contributes to crop production, and a larger fraction 
to losses. 
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Only part of the unrecovered N can be detected in the field at the end of the growing period. 
The 'undetectable' fraction is assessed at 30% (Groot et al., 1989; Goossensen and Meeuwissen, 
1990), and may be the result of losses during the growing period (Hendriks and Ter Keurs, 
1992) or of temporary immobilization by micro-organisms (Groot et al., 1989; Neeteson étal., 
1989; Prins et al., 1988). Under dry conditions, like the prairies in North America, the unde-
tected N can be completely accounted for and can be used by subsequent crops. Under wet 
conditions, like the Netherlands, only a very small fraction of the undetected N may be avail-
able later on (Schröder, pers. comm.). We have assumed a 50% recovery of the undetected N, 
provided that the annual precipitation surplus is less then 500 mm; at higher surpluses all 
undetected N is leached. 
4.5.2.2 Nitrogen input 
Total nitrogen input through biological fixation and deposition is 90 kg N ha^yr1 . For individ-
ual crops, however, the input is increased by recycling of organic nitrogen. Half of the nitro-
gen harvested in crops can be recycled (Vereijken, pers. comm.), through crop residues, animal 
manure, and human offal and waste. In parts of China and some African countries, human 
waste is collected and returned to the fields. Milieudefensie (1992) considers recycling of hu-
man waste realistic and feasible. No specification for recycling is required for this study. Actual 
implementation will depend on the production system applied. The fraction of N not recycled 
is considered lost. 
4.5.2.3 Nitrogen losses 
Leaching and denitrification cause losts of the unrecovered nitrogen, especially during periods 
with a precipitation surplus and no growing crop in the field (Neeteson, 1985). Denitrification 
increases when conditions become wetter. A range of denitrification rates has been defined as 
a function of annual precipitation surplus and soil texture (Appendix F), based on expert 
knowledge (De Koning étal., 1992; Van Keulen, pers. comm.). 
4.6 Environmental impact 
Damage to the environment is mainly caused by nitrogen that leaches to the groundwater and 
biocides that are used. Agricultural production may also have other effects on the environ-
ment, such as emission of ammonia (e.g. animal husbandry) and methane (e.g. rice cropping), 
and accumulation of phosphorus and heavy metals. However, within the framework of this 
study, these effects have not been taken into account. 
4.6.1 Nitrogen leaching 
To relate nitrogen leaching to an environmental criterion, we used a maximum allowed nitro-
gen concentration in the leachate of 11 mg N I"1 (50 mg N03 I"1), as suggested by the Nitrogen 
Committee for the Netherlands (Goossensen and Meeuwissen, 1990). It is based on criteria for 
the quality of drinking water with respect to human health and prevention of eutrophication 
of surface water. The value is used as a reference only, and results at global scale should be 
considered indicative. 
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Absolute amounts of leached nitrogen are linearly related to the precipitation surplus. Maxi-
mum acceptable losses in climatic zones with low precipitation surpluses or precipitation 
deficits would therefore be low or even zero. In arid zones, in general, rainfall is very erratic 
and intensities may be extremely high. Nitrogen will particularly be leached during these 
showers, but as short-term dynamics could not be considered, a threshold percolation of 200 
mm was assumed before nitrogen leaching occurs. 
4.6.2 Biocide use 
Many biocides and other chemicals are used in agricultural production to prevent yield reduc-
tion by weeds, pests and diseases, nematodes and other yield reducers or crop growth regula-
tors. Biocides vary greatly in their performance, toxicity, persistence, mobility, etc., which in 
turn are affected by many biotic and abiotic factors (Pimentel, 1971). The effects of biocide 
application on the environment are insufficiently understood and difficult to assess in quanti-
tative terms. As a very rough approximation of the environmental impact of biocide use, we 
have used the amount of 'active biocide ingredient', in kg ha"1yr"1. Three types of biocides are 
distinguished: 
• Herbicide requirements have been defined as a function of soil texture and climatic condi-
tions. Higher rates are required on clay soils than on sandy soils; in humid climates more in-
tensive control of weeds is needed than in dry climates. 
• Fungicide use depends on yield level and climate conditions. Application rates are posi-
tively correlated with yield level, because yield is related to crop density, which improves 
the micro-climate for disease development; in humid climates, fungal diseases develop 
more easily than in dry climates. 
• Insecticide application rates are relatively low compared to herbicide and fungicide appli-
cation rates. No further specification is therefore made, and a constant value has been as-
sumed. 
The herbicide, fungicide and insecticide application rates are given in Appendix G. 
4.7 Labour requirements 
Under optimal management conditions, where 'best technical means' apply, labour require-
ments for both production systems can be based on current agricultural management practices 
under Dutch conditions. For cultivation in the HEI system, 20 h ha"1 per crop is required (De 
Koning étal., 1992). In the LEI system, cultivation requires a similar amount of labour 
(Wijnands, pers. comm.), though additional work is involved in mechanical weeding (4-6 h), 
but nearly 2 h less in applying biocides, adding up to 24 h ha"1 per crop. This reflects that with 
increasing productivity, relative costs and inputs tend to decrease, as operations like plowing, 
sowing, etc., hardly increase in intensity or frequency (De Wit, 1992). Although labour re-
quirements depend somewhat on soil texture, these differences are negligible. Higher yields in 
general require higher material inputs, but hardly increase labour demand. 
An average farmer is expected to work about 750 h yr 1 on the land (Van Heemst et al., 1981; 
Van Heemst, 1986b), the average referring to male and female labour, a working population 
between 20 and 60 years of age, equally distributed over a population up to 70 years. 
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However, an analysis based on the data mentioned above is characterized be several shortcom-
ings and, consequently, unreliable results. Time constraints and priority settings for this study 
made further research on this topic not possible, and therefore, results will not be given in 
Chapter 7. The main shortcomings are: 
• The assumption of 'best technical means' and use of data on labour requirement based on 
Dutch agricultural practices, may not be realistic for developing countries, even not within 
40 years. Social and cultural conditions may effect labour effectiveness and, consequently, 
labour requirements enormously (Subsection 8.6.3). 
• The labour requirements of 20 and 24 h ha"1 per crop, apply to arable farming only. 
Labour requirements for cultivation of rangelands are not specified, but these may be 
considerably different from those for arable farming. As total rangeland area is about half 
of the total production area, data on this topic are certainly required. 
• The labour requirements of 20 and 24 h ha"1 per crop, only involve field operations tasks 
(De Koning étal., 1992); other tasks like administration, the maintenance of ditches, paths, 
channels, machines and buildings, and food processing activities have not been considered, 
although they may not be neglected. 
• The average annual amount of labour of 750 h y r 1 per farmer, is based on Dutch data on 
the distribution of working population. These data cannot be applied globally, as the dis-
tribution of working population may differ considerably among countries (especially de-
veloped vs. developing countries). Data per country are required to give accurate percent-
ages of the working population required in agriculture per region. 
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Water availability and demand 
(Source: Delft Hydraulics, 1992). 
5.1 Water as a natural resource 
5.1.1 Global water resources and the hydrological cycle 
Water resources are defined as that part of the water on earth that can be used by man. They 
include water in rivers, lakes and seas as well as groundwater, soil moisture, glacial ice and at-
mospheric vapour and can be either fresh or saline. 
The total amount of water stored in the global hydrosphere is estimated at 1,386 million km3. 
Of this total 97.5% is salt or brackish. The remaining 2.5% is fresh water, but only 30% of this 
is available in a liquid state; the remainder is snow, ice, permafrost, etc. Nearly 99% of the 
liquid fresh water is present as groundwater, which is 0.76% of the total global water storage. 
The most important water resources for human development, rivers and lakes (104,000 km3), 
form only about 1 % of the liquid fresh water resources, or less than 0.01 % of the total global 
water storage (Figure 5.1). 
Water covers about 70% of the earth's surface. In either liquid, vapour or solid state it is pre-
sent in the geosphere, the atmosphere and the biosphere. Driven by gravity and the sun's 
thermal energy, water passes through these spheres in a cyclic way. This so-called hydrologie 
cycle has no beginning and no end and no water is lost or gained. 
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Figure 5.1: Global water storage, in million km3 (based on UNESCO, 1978) 
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Figure 5.2 Hydrologie cycle showing approximate magnitudes of components in km3 (source: 
Rogers, 1984). 
The most important processes in the hydrologie cycle are evaporation, condensation and pre-
cipitation. Water is transferred to the atmosphere by evaporation from oceans, lakes and rivers 
and moist soils and by transpiration from plants (Figure 5.2). Water vapour is transported over 
shorter or longer distances and at certain locations condensation, cloud formation and precipi-
tation occur. Precipitation falls either on the land surface or on the water surface. The water 
that reaches the ground partly infiltrates into the soil and percolates to deeper layers and f i -
nally enters the groundwater system. Another part of the precipitation may accumulate in 
glaciers, be stored in surface depressions or move over the surface as overland flow. This part 
of the precipitation will finally reach the river system by which it will be transported to lakes, 
seas or oceans. 
The variability of rainfall, both in time and in space, is a critical factor in the availability of 
water in the river system. Rainfall depends in turn on the amount of vapour in the atmosphere 
which is directly related to temperature. Rainfall amounts are generally greatest in the sum-
mer period and at low latitudes. World-wide average annual precipitation varies from almost 
zero in some desert areas to more than 10,000 mm in parts of Hawaii. When rainfall is sea-
sonal, water availability may be limited in certain periods of the year. Besides this seasonal 
variation, precipitation may also vary greatly from one year to another, as is the case in most 
of the semi-arid tropics. Agriculture and other activities may be seriously hampered by this 
irregular water availability. 
Various water balances, both at global and regional scale have been presented in the last dec-
ades. The International Hydrological Programme and the Hydrology and Water Resources 
Programme of UNESCO and WMO, respectively, organised symposia on the World Water 
Balance (UNESCO, 1978) and the Variation in the Global Water Budget which resulted in 
knowledge of the hydrology and the water resources of the earth, as did individual studies by, 
amongst others, Baumgartner and Reichel (1975), L'vovich (1979), Shiklomanov and Shokolov 
(1983), and Shiklomanov (1991). 
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According to Rogers (1984), L'vovich's study of the world water balance (L'vovich, 1974) is the 
most comprehensive one available (Table 5.1). Data given by UNESCO (1978) are well in 
agreement with the data of L'vovich. 
Table 5.1 Annual world water balance (source: L'vovich, 1974). 
Elements of the annual water balance 
Land area (148.9 million km2) 
Precipitation 
Runoff 
Evapotranspiration 
Oceans (361.1 million km2) 
Precipitation 
Inflow of river water 
Evaporation 
Global total (510.0 million km2) 
Precipitation 
Evapotranspiration 
Volume 
(km3 yr"1) 
113,500 
41,000 
72,500 
411,600 
41,000 
452,600 
525,100 
525,100 
Depth 
(mmyr"1) 
1,148 
350 
798 
1,140 
114 
1,254 
1,030 
1,030 
Table 5.1 shows that total annual precipitation is about 525,100 km3. Of the precipitation fall-
ing on earth, nearly 80% (411,600 km3) falls over the oceans and is not available for human 
use. Of the remaining 113,500 km3, only 41,000 km3 is annually available as surface or 
groundwater runoff. Only about one third of the latter amount 14,000 km3, is stable runoff 
(base flow), two thirds are directly drained to the sea as flood runoff (Figure 5.3). Of the 
14,000 km3 available fresh water, 5000 km3 is available in sparsely inhabited areas, so con-
sequently, only 9000 km3 is readily available for human use. The world-wide withdrawal of 
water in the 1980's was about 3,500 km3, (WRI, 1990). Taking this into account, it is evident 
that nearly 40% of the readily available water resources is actually used. 
Commonly, a distinction is made between renewable resources and non-renewable, fixed, re-
serves. If water is extracted from, for example, a river or an underground storage at such a rate 
that its renewal is not exceeded, that resource can basically be used indefinitely. If withdrawal 
exceeds renewal, the resource will become depleted. In addition to the availability of water re-
sources, attention has to be given also to the sustainability of the abstractions. In this study 
only river flow is taken into account as a renewable fresh water resource. Groundwater is not 
considered separately, because the surface and groundwater systems are interrelated and 
every withdrawal of groundwater results in the long run in a proportional decrease in surface 
water flow. 
5.1.2 Regional water availability 
When considered at world scale, there seems to be no scarcity in the current resource, even if 
the total use would double and no measures would be taken to increase the stable runoff. 
However, due to spatial variation in the availability of water resources and in the demand, se-
rious shortages may develop at national or regional levels, even at the current water use levels. 
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To account for the effect of differences in population density, the availability of water can be 
expressed per capita. Table 5.2 provides an overview of the per capita water availability in the 
various continents and regions. The per capita water availability differs enormously between 
the continents: in Asia is only half of the world average, while it is about 6 times the world av-
erage in South America and Australia and Oceania; in Europe and Africa it is about the world 
average. Differences between regions within the same continent are sometimes even larger. 
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Figure 5.3 Global water supply and demands (source: Ambroggi, 1980). 
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Table 5.2 Per capita fresh water availability in 1980 (source: Shiklomanov, 1991). 
Continent 
Region 
Europe 
North 
Central 
South 
European part (former) USSR 
North and Central America 
Canada and Alaska 
USA 
Central America 
Africa 
North 
South 
East 
West 
Central 
Asia 
North China and Mongolia 
South 
West 
South-east 
Central Asia and Kazakhstan 
Siberia and Far East 
Trans-Caucasus 
South America 
North 
Brazil 
West 
Central 
Australia and Oceania 
Australia 
Oceania 
World 
Water availability 
(1,000 m3yr-1) 
4.6 
30.9 
2.3 
2.5 
9.2 
21.3 
219.0 
6.8 
9.4 
9.4 
0.7 
5.7 
6.9 
9.2 
46.0 
5.1 
1.9 
2.1 
2.3 
7.1 
2.0 
96.2 
4.5 
48.8 
72.9 
50.3 
45.8 
20.5 
64.0 
19.8 
92.4 
8.6 
5.1.3 Spatial distribution of river runoff 
River runoff is the most commonly used and best studied water resource. It is basically a re-
sponse to precipitation. As shown in Figure 5.2, rainfall may directly flow to the river as surface 
flow or infiltrate and recharge groundwater. Precipitation may also be temporarily stored in 
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snow and ice. About 90% of the world population lives in river basins that are fed by rainfall. 
These river basins occupy about 60% of the earth's land area. In 25 to 30% of the world, 
mainly in the high latitude areas of the Northern Hemisphere and the high mountain areas, 
snow and ice are the principal sources of river runoff. Groundwater as a source for river runoff 
is of fairly limited importance. Only in Central and Middle Asia relatively stable river runoff is 
derived from groundwater discharges. 
Table 5.3 Continental distribution and use of annual river runoff (source: Shiklomanov, 1991; WRI, 
1990). 
Continent 
Europe 
Asia 
Africa 
North America 
South America 
Australia/Oceania 
USSR 
World 
Total river 
runoff 
(km3yr"1) 
2,321 
10,485 
3,808 
6,945 
10,377 
2,011 
4,350 
40,673 
Specific 
discharge 
(mm yr"1) 
310 
330 
130 
290 
580 
220 
320 
270 
Use of 
resources as % 
of river runoff 
16 
14 
4 
11 
2 
1 
8 
9 
Table 5.3 shows total annual river runoff and specific discharges for the various continents. 
Also shown are the percentages of the total river runoff used by man. These data indicate a 
fairly large variation in specific discharge. Africa's runoff per unit area, for example, is only 
about one-fourth of that of South America and less than half of that of Europe. This is because 
of the lower precipitation and higher évapotranspiration compared to other parts of the 
world. The table also shows that the global average use of water resources is only 9% of the 
total river runoff. In Europe and Asia this figure is considerably higher than the global average 
(16 and 14%, respectively), whereas the total water use in Australia/Oceania is only 1 % of the 
total river flow. 
5.1.4 Temporal runoff variability, droughts and floods 
The seasonal variability in runoff is a reflection of the seasonal variability in precipitation. 
Generally, the seasonal variation is lower in mid-latitude regions than in tropical areas. This 
is caused by the phenomenon that river flows in mid-latitude areas level out over the year as 
a result of the contribution of snow melt to the runoff during the warmer months of the year. 
Deviations from the average annual or seasonal precipitation may be considerable in individ-
ual years or seasons and may result in floods or droughts. Yield reduction as a result of 
drought may be caused by late onset of the rainy season, or by shortage of rainfall during the 
growing season, resulting in soil moisture deficits. 
The Sahel region in Africa, the western part of North America, and a large part of Australia are 
more drought-prone than other parts of the globe. The southeast Asian region, on the other 
hand, is the most flood-prone area on earth. Although basin shape, geology and climatic ex-
posure are important factors as well, runoff variability, within and over years, decreases with 
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increasing basin size (Linsley et ai, 1975). Deforestation of watersheds is another factor affect-
ing basin runoff. Generally, deforestation results in increased total runoff, however, a larger 
fraction of this total runoff is routed out of the catchment as peak flow, whereas base flow 
decreases (Hamilton and King, 1983; Bruijnzeel, 1990). 
Construction of storage reservoirs is a common practice to reduce runoff variability. Natural 
reservoirs may also even out extremes in river flow. Table 5.4 provides an overview of the vol-
umes of water stored in lakes exceeding 100 km2 and reservoirs with a volume exceeding 
5 km3 (UNESCO, 1978). The total volume of natural lakes is 86,499 km3, which is more than 
double the average annual stream flow of 40,673 km3. Almost all the fresh water reserves 
stored in lakes are located in Asia, Africa and North America. The amount of fresh water 
stored in reservoirs is only 10.5% (4,286 km3) of the average annual stream flow. The highest 
percentage of runoff regulation takes place in Africa where the reservoir storage capacity 
equals nearly 33% the total annual river runoff. In Australia and Oceania, on the other hand, 
less than 1 % of the total annual river runoff is stored in reservoirs. 
Table 5.4 Fresh water reserves in lakes and reservoirs (source: UNESCO, 1978; WRI, 1990). 
Continent 
Europe 
Asia 
Africa 
North America 
South America 
Australia/Oceania 
World 
Lake volume 
(km3) 
2,027 
27,782 
30,000 
25,623 
913 
154 
86,499 
Reservoir 
volume 
(km3) 
422 
1,350 
1,240 
950 
286 
38 
4,286 
Reservoir vol-
ume as % of 
river runoff 
18.2 
12.9 
32.6 
13.7 
2.8 
0.9 
10.5 
5.2 Water requirements 
5.2.1 Water use categories 
The various uses of water can be categorised in a number of ways. Commonly applied is the 
distinction between 'withdrawal use' and 'in-situ use' or 'in-stream use' (Kulshreshta, 1992). 
When water is withdrawn from its original source for a particular use, this use is categorised as 
withdrawal use, and the amount of water withdrawn is called the 'water intake'. Part of this 
intake is lost in the specific use, the 'water consumption' (e.g. by évapotranspiration), and part 
will be returned to the water resources system (e.g. cooling water). Table 5.5 lists the various 
types of water use. 
The in-situ water use is related to activities that do not require the extraction of water from its 
source. Examples are the use of water resources for recreation, transport of goods and people 
and fisheries activities. 
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Table 5.5 A general typology of water use (source: Kulshreshta, 1992). 
Sector 
Domestic 
Agriculture 
Industry 
Other primary sectors 
Inland water transport 
Nature 
Institutional 
Withdrawal use 
Residential water use 
Irrigation 
Livestock 
Industrial use 
Commercial use 
Thermal power 
generation 
Mining water use 
Forest fire fighting 
Fish farming 
Support of wildlife 
Apportionment 
ln-situ use 
Recreation 
Waste assimilation 
Flushing of wastes 
Waste assimilation 
Flushing of wastes 
Hydro-electric power 
generation 
Waste assimilation 
Flushing of wastes 
Fisheries 
Navigation 
Wildlife habitat 
Wetlands 
Flora and fauna 
Prevention of salt 
water intrusion 
Examples of withdrawal water use are agricultural, domestic, and industrial water use, which 
constitute almost the entire withdrawal of fresh water. Withdrawal by other primary sectors 
and support of wildlife is very limited. In the following sections, a short description of the 
three main withdrawal water use categories will be given. The relative withdrawal for each of 
these categories is presented in Table 5.6. 
Table 5.6 Sectoral withdrawal of fresh water, in percentage of total fresh water withdrawal 
(source: WRI, 1990). 
Continent 
Europe 
Asia 
Africa 
North America 
South America 
Australia/Oceania 
USSR 
World 
Domestic 
13 
6 
7 
9 
18 
18 
6 
8 
Industry 
54 
8 
5 
42 
23 
16 
29 
23 
Agriculture 
33 
86 
88 
49 
59 
76 
65 
69 
63 
According to the World Resources Institute (WRI, 1990), the amount of water withdrawn from 
fresh water resources has increased more than 35-fold over the last 3 centuries, reaching a 
level of over 3500 km3 per year in 1970. Total water withdrawal increased with 4 to 8% an-
nually in the second half of this century, not only as a result of the pressure to meet basic food 
and industrial product needs of the rapidly growing global population, but also to meet the 
increasing demands related to rising standards of living in both the developed and developing 
world. At present, water use levels in the developing world are still growing, while in the in-
dustrialised world the use is stabilizing. On a global scale the increase in withdrawal rate is 
slowing down and for the remaining years of this century the expected rise is estimated at 2 to 
3% per year. 
5.2.2 Domestic water 
5.2.2.1 Domestic water use 
Domestic water use comprises water for drinking, food preparation, sanitation, washing, 
cleaning, watering of gardens and the service industry (hospitals, restaurants, etc.). Return 
flows of domestic water use are typically high, about 59% on average (WRI, 1990), implying 
that only a small portion of the withdrawn water is actually consumed. Domestic water use is 
commonly low compared to other uses, on average only 8% of the total fresh water with-
drawal (WRI, 1990). Regional differences in domestic water use levels are considerable, a range 
of 20 to 500 litres per person per day is commonly referred to. 
Although the quantity of water required to meet domestic demands is not very high, the 
quality of the water must meet high standards. Deterioration of water quality may be a more 
serious threat to the provision of safe drinking water to growing populations than water 
availability. 
Amounts of water needed for in-situ domestic water use, like recreation and waste assimila-
tion and removal, are hard to estimate. Where waterways are used as open sewers, fairly large 
amounts of water may be needed to flush the waterways to avoid water quality and related 
public health problems. 
5.2.2.2 Domestic water demand 
In this study, domestic water demand includes: 
• real domestic water demand (mainly for drinking water and other household needs such 
as sanitation, cooking and washing); 
• non-domestic water demand of the tertiary sectors, such as trade and services, transpor-
tation, banking, the tourism sector, urban commercial and small informal sector activities, 
government and other offices, and also small-scale/light manufacturing industries. Non-
domestic per capita water use is generally expressed as a percentage of real domestic per 
capita water use. This percentage often depends on the size of the population of urban 
areas, and may vary from about 15% for cities of less than 100,000 people, to 50-100% for 
cities exceeding 1,000,000 people. 
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Domestic water demand differs considerably from country to country, and also between urban 
and rural areas within the same country. For example, the per capita demand in Cairo (Egypt) 
currently amounts to 500 I d"1, while for considerable areas in Africa a water demand of only 
20 I d*1 is reported. WRI (1990) provides estimates of per capita domestic water demand for 
the year 2040 for each country (Appendix H). The global average amounts currently about 145 
I d'T per capita. 
Most of the water used for domestic purposes returns to the water resource (groundwater or 
surface water). To better describe this process, we introduce the terms 'gross domestic water 
use' to indicate the water intake for domestic purposes, and 'net domestic water use' indicat-
ing real consumptive use. The difference between gross and net water use equals the 'return 
flow" to the water resource. 
Table 5.7 presents estimates for the 1980's on the percentages of waste water discharge in re-
lation to the gross per capita domestic water withdrawal, defined as return factor. The net per 
capita water use ranges from 30 I d"1 in Africa to more than 130 I d"1 in North America. Note 
that this amount of water is supposed to be lost from the water cycle due to net evaporation 
or transpiration (for example while preparing food, watering gardens, etc.). We consider val-
ues of 130 I d"1 as highly unlikely, and feel that a net consumption of 30 I d"1 can be explained 
much better. We therefore will apply a return factor of 80%, which is equivalent to 30 I d_1 for 
net domestic use, given a world average of 145 I d"1 for the per capita gross domestic water 
use. 
Table 5.7 Domestic water use (1980"s) (source: WRI, 1990). 
Continent 
Europe 
Asia 
Africa 
North America 
South America 
Australia/Oceania 
USSR 
World 
(Gross) water 
withdrawal 
(I cap-1d"1) 
265 
82 
47 
439 
235 
432 
233 
145 
Net water use 
(I cap-1d"1) 
56 
49 
33 
132 
136 
125 
51 
59 
Waste water 
discharge as % 
of withdrawal 
79 
40 
30 
70 
42 
71 
78 
59 
We have applied this 80% return factor to determine net domestic water demand per country. 
We assumed that per capita domestic water demand per country will not change significantly 
until the year 2040. This calculation is performed in the following way: 
total gross domestic water demand = inhabitants * gross domestic water use per capita 
total net domestic water demand = total gross domestic water use * (1-return factor) 
Table 5.8 presents for the 15 regions total gross domestic water demand in the year 2040, for a 
low, medium and high population growth scenario. Results per country are presented in 
Appendix H. 
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Table 5.8 Total gross domestic and gross industrial water demand ( m V ) in 2040, for low, medium 
and high population growth scenario's, by region. 
0 
w 
o 
c 
o 
*-P J5 3 
o 
a 
_c 
O" 
i f 
.c 
I o L _ 
Ol 
c 
o 
"•P 
_ro 
3 
a 
o 
a 
E 
3 
T3 
&) S 
.c 
1 o 
k . 
a 
c 
o 
'-? 
_re 
3 
a 
o 
Q 
5 
o 
_ j 
_ 
ro +-» 
o 
1-
» 
m 
3 
"O 
c 
«A 
£ 
o 
o 
— TO +-< 
O 
2r 
3 
• D 
C 
u 
<U 
E 
o 
Q 
•_ (TD 
+-• 
o 1— 
£ 
• ^ 
3 
"O 
C 
y 
+^ 
E 
o 
Q 
C 
o 
"oi Ol 
ce 
T 
«—* 00 
PM 
O 
T — 
co 
1 ^ 
f 
o 
1 " 
PM 
0 0 
m 
PM 
0 0 
m 
0 0 
öt 
I N 
m 
PO 
r o 
o 
CM 
O 
i n 
ro 
I M 
CN 
oo_ 
T ™ 
re 
<u 
E 
< 
. c 
•* -» 
3 
o 
"~ 
00 
vo 
o 
T ~ 
r o 
r o 
in 
o 
en 
*r 
en 
«— cn 
ro 
cn 
' S 
m 
PM 
<s 
0 0 
r o 
r-
cn 
T - " 
<r 
o 
VO 
M 
re 
u 
0) 
E 
< 
w 
C 
0) 
VJ 
PM 
,_ 
cn 0 0 
m 
ro 
o 
vo 
PM 
is 
0 0 
PM 
m" 
m 
o 
^~ 
no 
*~ 
m 
cn 
no 
© " 
v -
0 0 
o 
ro 
PM 
m 
i n 
cn 
o" 
—^ 
o 
cn 
vo 
oo" 
m 
<x> PM 
PM 
re 
_ y 
a> 
E 
< 
o 
m 
' S 
* ) • 
cn 
»— 
' S 
oo 
m 
o 
VO 
cn 
ro 
ro 
r-
0 0 
PM 
0 0 
cn ÖT 
m 
PM 
vo 
ÖT 
CN 
r\i 
cn 
cn 
m 
re 
™ 
**-
< 
c 
s: 
o 
z 
' S 
i n 
VO 
oT 
«s-
«s 
rg 
<N 
oo 
cn 
VO 
no 
'S 
* • • 
i n 
i n 
PM 
cn 
VO 
fM 
m 
0 0 
vo 
0 0 
re 
u 
*+-
< 
c 
w 5 
m 
o 
i n 
V -
i n 
«S 
vo 
O 
ro 
PM 
v 
00 
PO 
cn 
0 0 
o 
o 
T ~ 
O 
no 
O 
ro 
re 
u 
'ïZ 
«+-< 
i _ 
+^  
c 
w 
u 
vo 
VO 
ro 
no 
O 
00 
vo 
cn IM 
cn 
o 
m 
in 
vo 
m 
*r IM 
i n 
f I N 
IM 
i n 
m 
en 
re 
' C 
< 
c 
<5 
4-* 
1/1 
re 
LU 
r» 
PO 
oo 
'S-
ro 
I M 
I M 
o 
* • » 
I M 
0 0 
i n 
M 
rsi 
0 0 
^ 
^. 
r<> 
i " 
0 0 
»•* 0 0 
0 0 
vo 
»~ 
t 
i n 
T * 
m 
< 
c 
w 
O 
s: 
+-» 
3 o 
i n 
0 0 
m 
T 
0 0 
0M 
ro 
0 0 
»^  0 0 
fM 
O 
I-« 
r» 
0M 
in 
r» 
vo 
0M 
»-vo 
ro 
0M 
en 
00 
i n 
.2 
'c 
re 
V 
O 
en 
cn 
00 
in 
rx 
oo 
m 
ro 
^ 
vo 
0 0 
"~ 
0 0 
i n 
O 
PM 
0M 
en 
o 
—^ 
o 
vo 
cn 
rsi 
o 
r« 
•-
r> 
o 
en 
i n 
en p» 
ro 
< 
••-» 
m 
<u 
Si 
4-» 
3 o 
o 
00 
vo 
vo 
vo 
t 
rs 
en 
oo" 
00 
m 
PM 
0 0 
r» 
vo 
t n 
00 
f 00 
oo 
o 
00 
0 0 
PM 
,_ 
en 
r» 
<r 
i n 
PM 
00 
PM" 
vo 
vo 
en 
re 
< 
c 
o 
re 
LU 
!~ 
T— 
0M 
O 
"S-* 
PM 
r— 
m 
PM" 
cn 
o i^. 
i n 
o f 
00 
m 
vo 
cn 
« • -
< - • 
' S 
«s-_ 
~^ 
00 
00 
r. 
PM 
»^ 
^ VO 
f — 
r-
r» 
^ 
re 
< 
c 
L . 
V 
s: 
+-» 
3 
O 
m 
PM 
vo 
^ en 
*— 
r« 
00 
00 
0 0 
PM 
O 
^" 
r> 
m 
T — 
f 
0 0 
f » 
P» 
0 0 
00 
en 
^ PM 
^ 
f 
ro-in 
vo ÔT 
vo 
re 
< 
c 
0) 
5 
00 
PM 
0 0 
VO 
PM 
PM 
*~ 
m 
o 
vo O 
r> 
f 
«* 
i n 
0 0 
~^ i n 
t 
^r 
0 0 
en 
* • • 
r>-
r» 
«s-
0 0 
i n 
en 
00* 
00 
»-00 
oc 
m 
m 
-c-
E 
L -
o 
»s-
o 
00 
r» 
r>T 
0 0 
«— PM 
vo" 
i n 
vo 
m 
vo 
vo 
00 
vo" 
00 
00 
«S 
i n 
00 
00 
00 
T " 
00 
^ o 
vo 
r-
en 
r» 
^f 
00 
T— 
PM 
»-
CL 
O 
3 
LU 
LPl 
m 
00 
o 
PM" 
i n 
,— 
ro 00 
«s" 
oo 
* ! • 
^ PM 
r o 
oo 
vo 
o 
ôf ÔT 
^" 
en i n 
en PM 
T " 
ro 
«S 
ôf 
m 
i n 
PM 
ro 00 
00 
o 
* • • 
m" PM 
oo 
i n 
T - " 
PM" 
2 
I 
66 
Given the importance, and hence priority, that is universally attached to the provision of drink-
ing water when compared to other uses of water, and given the fairly limited flows of water 
concerned, we consider it appropriate to assume that gross domestic demand can somehow, 
always be made available within a river basin. In addition, drainage of waste water generally 
occurs fairly close to the intake point, and practically in all cases within the same river basin. 
Therefore, in water balance calculations only the domestic water demand needs to be taken 
into consideration. 
5.2.2.3 Trends in domestic water use 
For Cairo the excessive water use is caused by losses in the system and waste of water by igno-
rant users. At present, only 4% of the world population uses as much as 300-400 I d"^ per cap-
ita (United States, Canada, Switzerland), whereas two thirds of the world population uses less 
than 50 I d*^ per capita (most of Africa and Asia). With increasing economic development it is 
to be expected that the global average per capita domestic water use will increase in the next 
decades. An increase in use does not necessary lead to an increase in consumption. In areas 
with a high use at present, like North America and Europe, the percentage return flow is much 
higher than in areas with a low use, like Africa and Asia (Table 5.7). Increasing scarcity of fresh 
water will lead to implementation of policies that promote water conservation. Most studies 
dealing with assessment of water resources in the future, e.g. the world water resources study 
of the International Institute for Applied System Analysis (NASA, Kulshreshtha, 1992), assume a 
constant per capita domestic water use. We have made the same assumptions in the this study. 
It will be shown later, that the limited amounts of water needed for domestic and industrial 
purposes, as compared to the irrigation water demand, justify this assumption. 
5.2.3 Industrial water 
5.2.3.1 Industrial water use 
At a global scale, industry uses large amounts of water. Not only as process water, but also for 
cooling, cleaning and the removal of wastes. Industrial water use comprises 23% of the total 
global fresh water use (Table 5.6). In Africa industrial water use is extremely low, only 5% of 
the total. In Europe, on the other hand, more than 50% of the total water use is realised by 
industry. Most of the industrial water use is non-consumptive, and on a global scale about 
87% of the water used in industry is returned to its source. However, pollution of these return 
flows with chemicals and heavy metals may make the water unsuitable for other uses. 
In addition to withdrawal uses, industry also uses water in-situ. Important in this respect are 
the water used for hydro-electric power generation and the assimilation and removal of 
wastes. In 1988, hydropower accounted for 7% of the total global energy production (WRI, 
1990). The opportunities to develop hydro-electric power generation are considerable. 
Whereas North America and Europe have developed, respectively, 59 and 36% of their poten-
tial, Asia, Africa and South America are presently using only 5 to 10% of the total potential. 
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5.2.3.2 Industrial water demand 
Industrial water demand varies in the world even more than domestic water demand. WRI 
(1990) provides estimates for industrial water use for the year 1980's (Table 5.9). Global 
average industrial per capita water demand amounts currently to about 415 I d~1. 
Table 5.9 Industrial water use (1980's) (source: WRI, 1990). 
Continent 
Europe 
Asia 
Africa 
North America 
South America 
Australia/Oceania 
USSR 
World 
(Gross) water 
withdrawal 
(km3yr"1) 
193.0 
118.0 
6.5 
294.0 
30.0 
1.4 
117.0 
759.9 
Net water use 
(km3yr"1) 
19.1 
29.5 
2.0 
29.4 
6.0 
0.1 
11.7 
98.8 
Waste water 
discharge as % 
of withdrawal 
90 
75 
69 
90 
80 
93 
90 
87 
In line with the terminology applied in the description of domestic water demand, we will use 
the terms 'gross industrial water demand", 'net industrial water demand', and 'return factor". 
The return factor for industrial water use is generally high given the predominant use of water 
for cooling purposes. Table 5.9 provides information on return factors in various regions of the 
world. Consumption percentages vary in a fairly narrow band. Based on this, and in order to 
simplify the analysis, we have applied a return factor of 80% world-wide. 
As for future domestic water demand, future industrial water demand is hard to estimate. We 
assumed that capita industrial water demand per country will not change significantly until 
the year 2040. The calculation is performed in the following way: 
gross industrial water demand = inhabitants * gross industrial water demand per capita 
net industrial water demand = gross industrial water demand * (1-return factor) 
In addition to total domestic water demand. Table 5.8 also presents total gross industrial water 
demand in the year 2040 for the 15 regions, for a low, medium and high population growth 
scenario, and Appendix H also gives the results per country. 
5.2.3.3 Trends in industrial water use 
Prediction of future water use by industry is a complex topic. Water requirements of various 
industries may change, the composition of the industries in a certain country may be different 
in the future than at present and processing techniques may change considerably. Never-
theless, industrial water withdrawal in Asia, Africa and South America is thought to increase 
three to five fold in the next decades. In the developed world, the increase will be limited to 
10 to 25% (WRI, 1990). 
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Given the high return flows from industry and the relatively small proportion that industry 
withdraws from the water resources, total fresh water availability will not be affected seriously 
by an increase in industrial water use. The fact that a higher level of industrialisation results in 
a higher percentage return flow supports this assumption. Much more serious may be the 
increased pollution of the return flow. Without regulation and control, this may result in a 
situation in which a large proportion of the water returned to the water resources system after 
use in industry, cannot be used any more for certain other purposes. 
5.2.4 Agricultural water 
5.2.4.1 Agricultural water use 
Compared to domestic and industrial water use, agriculture consumes a high percentage of 
the total global fresh water use, nearly 70% (Table 5.6). In Africa, the share of agriculture in 
the total water demand is highest at 88%, whereas the lowest percentage agricultural water 
use is registered in Europe at 33%. Table 5.5 distinguishes two categories of agricultural water 
use: irrigation and livestock watering. Because the water use for livestock watering is only 2% 
of the total agricultural water use, the discussion in the following will focus on water use for 
irrigation. 
Although more than 85% of the world's agricultural land is rainfed, irrigated agriculture pro-
vides more than 36% of total crop production (FAO, 1990). Table 5.10 illustrate the magnitude 
of agricultural water withdrawals. Only about 25% of the irrigation water returns to its source 
after use. The increasing amounts of fertilisers and pesticides used in irrigated agriculture re-
sult in increasing pollution of the irrigation return flows, which may seriously threaten the 
aquatic environment and downstream uses, if insufficient water is available for in-situ uses like 
waste assimilation and removal. 
Table 5.10 Water withdrawals for irrigation (1980's) (source: WRI, 1990). 
Continent 
Europe 
Asia 
Africa 
North America 
South America 
Australia/Oceania 
USSR 
Wor ld 
(Gross) water 
wi thdrawal 
( k m 3 y r 1 ) 
110 
1,300 
120 
330 
70 
16 
260 
2,206 
Net wa te r use 
(km 3 yr - 1 ) 
15 
312 
35 
116 
20 
3 
81 
574 
Waste water 
discharge as % 
o f w i thdrawal 
86 
76 
71 
65 
71 
81 
69 
74 
69 
5.2.4.2 Agricultural water demand 
As outlined in Chapter 3, the irrigation water demand depends on: 
• type of farming system; 
• precipitation; 
• évapotranspiration; 
• soil moisture; 
• irrigation efficiency. 
The crop model calculates the difference in water requirement for potential production and 
water available for water-limited production. This water deficit is corrected by an irrigation 
efficiency factor, which gives the total irrigation water demand. 
Especially in a cascade type of setting, re-use of drainage water from upstream irrigated areas 
in downstream irrigated areas frequently occurs. Exact information on the extent of such re-
use is, however, not available. Since this study attempts to outline a water balance per (major) 
river basin, an estimate of this re-use of water within a basin is needed, for which we have de-
veloped the following line of reasoning: 
• Of all the irrigation water, 50% is used effectively at the irrigated fields to cover éva-
potranspiration, 25% is lost (evaporated) due to ineffective water use (for example, 
evaporation from canals and fallow land), and 25% returns to the "water source", either 
by surface drainage, or by subsurface drainage. 
• The 25% return flow could potentially be re-used. However, this process cannot be re-
peated too often, because of the increasing salinity in the drainage water. This is the rea-
son why Egypt, for example, cannot use all of the Nile water for irrigation. About 10% of 
the water released from the Aswan dam eventually drains to sea in order to maintain 
Egypt's salt balance. 
Combining these viewpoints leads to the observation that the river discharge at the estuary 
must be 10 to 25% of the original river discharge; 10% if the water is frequently re-used in ir-
rigation but a minimum discharge is required to maintain the salt balance, and 25% if the irri-
gation water is not re-used. In this study we assumed that irrigation water is not re-used. This 
will result in a slightly pessimistic view on irrigation potential, but that is partly compensated 
by the rather optimistic choice of the irrigation efficiency factor. 
5.2.4.3 Trends in agricultural water use 
The total area of irrigated cropland increased from less than 50 million hectares in the begin-
ning of this century to more than 220 million ha in 1980 (Shiklomanov, 1991). The amount of 
water withdrawed for irrigation purposes increased from about 500 to 2,200 km3yr"1 during 
that period (Table 5.11). 
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Table 5.11 Global area of irrigated cropland and total global irrigation water withdrawal, 1900-1980 
(source: Shiklomanov, 1991). 
Year 
Irrigated area (million ha) 
Irrigation water withdrawal (krn^ yr"1) 
1900 
47.3 
525 
1940 
75.8 
893 
1950 
101 
1130 
1960 
142 
1550 
1970 
173 
1850 
1980 
217 
2200 
For the near future the total irrigated area is expected to increase substantially, to about 270 
million hectares in the 2000 (WRI, 1990). The area where multiple cropping will be possible will 
also increase, because early maturing, and photo-insensitive varieties of an increasing number 
of agricultural crops are becoming available. The largest increases in irrigated area are pre-
dicted for Africa and South America, about 30%, and in Asia, North America and the former 
USSR the increase in irrigated area is expected to be between 15 and 18% (WRI, 1990). 
Irrigation water withdrawal is predicted to increase globally to 2,585 km3 in 2000, which is 
equivalent to an 18% increase over a period of 15 to 20 years. 
5.2.5 Other water demands 
5.2.5.1 Ecosystems and salinity control 
Ecosystems make use of the water resources by withdrawing water for transpiration and éva-
potranspiration. Furthermore the in-situ use that is made of the water is important, e.g. as a 
habitat for flora and fauna. We should mention the special role that river runoff plays in com-
bating salt water intrusion. Changes from fresh to brackish or salt water or from brackish to 
salt water may irreversibly affect river and coastal ecosystems that can only survive at certain 
salinity levels. A good example are brackish water mangrove ecosystems, which may deterio-
rate and finally disappear as a result of increasing salinity levels caused by decreasing river 
flows. 
Based on the assumption that irrigation drainage water will not be recycled in irrigation, the 
25% drainage flow is reserved for other demands, such as conservation of the ecosystem, or 
maintaining an equilibrium for sea water intrusion. How much water is needed for these pur-
poses cannot be quantified in general rules that can be applied in this study. Generally, a rest 
flow of 25% of the discharge is considered to be sufficient. 
5.2.5.2 Other primary sectors 
Water is not only used for domestic, agricultural and industrial purposes, but also in other 
primary sectors like mining, forestry and fisheries. In the mining and forestry sectors the type 
of water use is mainly withdrawal use, with the exception of the in-situ use that is made of the 
water resources for transportation of logs in forestry operations. Total consumptive use in 
these sectors is very small compared to agricultural water use. Fisheries may use water both by 
withdrawing and in-situ. The former is the case when fish is grown in ponds (aquaculture or 
fish farming). Commonly, aquaculture is practised in brackish water ponds, and large amounts 
of fresh water are used to dilute sea water to the desired salinity levels. During the growing 
cycle of the fish or shrimp, this water has to be refreshed a number of times and additional 
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fresh water has to be supplied to compensate for evaporation losses. Although no detailed 
information is available, the water demand for aquaculture at global scale is fairly limited, 
compared to agricultural water demand. Regionally, mainly in southeast Asia, the aquacultural 
water demand may form a substantial part of the total water demand. In addition to aquacul-
ture, also river or lake fisheries depend on the available water resources. This use is an in-situ 
use and actual amounts of water required for this use are hard to estimate. 
Trends in development in the other withdrawal and in-situ uses of fresh water (Table 5.5) are 
hard to give, because the present use levels are already uncertain. In the perspective of global 
fresh water availability, changes in these uses are much less relevant than changes in domestic, 
industrial and, even more important, agricultural water use. 
5.2.5.3 Inland water transport 
Inland water transport, as a means to transport people and goods and to meet communication 
needs, is another sector that makes in-situ use of the water resources. Certain minimum 
depths, and flow rates have to be maintained to allow navigation. Exact figures for the pre-
sent and future requirements are not available. 
5.2.5.4 Institutional 
Another withdrawal water use that should be mentioned is the so-called apportionment water 
use, i.e. the amount of water that has to be released to, or left in, a water body that is shared 
by more than one jurisdiction, national or international. Water treaties in which apportion-
ment water use has been fixed, exist for example between the USA and Mexico, Sudan and 
Egypt, and are being discussed between Turkey and Iraq. For further information on this kind 
of treaties at global scale we refer to Caponera (1992). 
5.3 Water availability assessment 
Water availability will be assessed by formulating water balances per river basin. For this pur-
pose, we divided the world in a number of major basins. For each basin a water balance is de-
rived. In order to reflect the seasonal variation in both water demand (in particular agricultural 
water needs) and in water availability, a monthly time step has been used in the water bal-
ances. For each month, water demands have been compared with water availability. 
5.3.1 Data sources for river basins 
The identification of river basins is performed using the digital map of major rivers of the 
world of the Environmental Protection Agency (EPA, 1991). This map contains the location of 
rivers, not the watershed boundaries. Combining this map with topographic information led 
to the identification of watershed boundaries. In order to reduce the number of watersheds, 
we combined individual river basins to bigger units. This especially holds for smaller basins. 
72 
This analysis resulted in a set of 105 river basins. Appendix I contains a list of these river basins, 
their locations in the world, as well as the size of the catchment area of each of the basins. The 
smallest river basin covers a land area of 2,500 km2 (Israel), the largest is the Amazon basin, 
covering 6,462,900 km2. 
5.3.2 Data sources for river discharges 
Two sources of information were used to collect discharge data for each of the 105 basins: 
• The database developed by the Global Runoff Data Centre (GRDC), as described by the 
World Meteorological Organization and International Council of Scientific Unions (1989). 
This database contains times series of measured data on mean monthly discharges of a 
large number of rivers, as well as information on the size of the catchment areas. We data 
of 519 stations, each covering a catchment area of at least 30,000 km2-
• Data published in the reference book "Water Resources of the World" (Van der Leeden, 
1975). Data from this source were used to obtain information on smaller catchments and 
on river basins not incorporated in the GRDC data base. 
Since for each of the 105 distinguished river basins water balances were required, we needed 
flow data representing the entire basins. In reality, most measuring stations in the GRDC data 
base cover only part of a basin, because the measuring stations are not always located close to 
the mouth of the river, and because our river basins comprise generally a number of smaller 
drainage basins which are not all gauged separately. These unit flow rates were assumed to be 
representative for the entire basin, hence also for the part not included in the catchment area 
of the measuring station. The measured data were therefore transformed to unit flow rates 
(Is-1 km'2). 
The GRDC data system presents data for natural flow, which means that the flow data are cor-
rected for diversions, abstractions and redistribution by storage reservoirs. In the calculations 
only the run-off available upstream of major diversions was used. To find the location of such 
diversions, discharges of various gauging stations along the rivers were analyzed for changes 
in specific discharge, expressed in m3 km'2yr1 , and by analyzing maps. 
For most catchment areas the database contains more then a single station. Based on the 
following criteria we selected 164 stations from our set of 519 stations: 
• the length of the available record, the longest record available for a certain basin was 
commonly used; 
• location of the station; only stations upstream of large withdrawal points were used; 
• in case a tributary catchment exceeded 30,000 km2, the tributary gauging station was se-
lected instead of the station in the main river; 
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5.3.3 Water availability assessment per river basin. 
The unit for which the spatial variability in water availability is assessed, is the river basin. It is 
therefore assumed that the unit flow rate in a river basin is homogeneous. Selected records of 
observed discharges are used to calculate a single value, which is considered representative for 
the discharge of the entire basin. 
An exception is made when the river basin in the schematization is disproportionately large in 
comparison with the river basin for which runoff data are available. For example, in the sche-
matization the river basin of the Indus includes the Thar desert. In this case the unit flow rate 
of the Indus is not representative for the whole (schematised) river basin, but is valid only for 
the catchment area of the Indus as given in the GRDC data base and literature. 
Depending on the location of the selected discharge measurement stations in the river basin, 
one of three procedures for the computation of the available discharge was followed. The 
following situations were encountered: 
1. only one station is selected in the river basin; 
2. more than one station is located in the river basin, but the catchments do not overlap; 
3. more than one station with overlapping catchments is selected along the main river in the 
basin. 
1. only one station is selected in the river basin 
In case only one station is selected in the river basin, the calculation of water availability is 
relatively simple: 
Q r = (Qs/As)*A r 
in which: 
Q = discharge (m3 s"1) 
A = area (km2) 
s = measurement station 
r = schematised river basin 
2. More than one station in the river basin, which do not "overlap" 
If two or more stations are located in the river basin, the calculation is slightly more compli-
cated. A mean monthly basin runoff is calculated from the discharge data of all the stations 
within the basin. This mean basin runoff should be non-weighted, because there is no physical 
base to suppose one station to be more important than the other. The mean runoff is used to 
calculate the contribution to the total runoff of the area which is not covered by the measur-
ing stations. 
As an example, in the case of two stations (stations 1 and 2), the calculation of the total dis-
charge is performed as follows: 
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Q r = QS/1 + Qs,2 + (Ar - AS(1 - As/2) * (QS/l/As,l + Q s ^ s ^ 
in which: 
Q = discharge (m3 s"1) 
A = area (km2) 
s = measurement station 
r = schematised river basin 
3. More than one overlapping station is selected along the main river in the basin 
If two or more measuring stations along the main river provide suitable data, a further analysis 
is needed. For this analysis, the runoff data have to be expressed in m3 km"2 s"1. For all the 
stations within one basin the runoff should be of the same order of magnitude. A sharp de-
crease at a certain point along the river indicates a major water diversion. In that case the sta-
tion upstream of the discontinuity has to be used in the analysis. For the selected station the 
calculation of the total basin runoff is similar to the calculation in case only one station is 
available. 
Using one of the three above described calculation procedures, mean monthly discharges in 
m3 s'1 were calculated for each of the 105 river basins. Since a single river basin can be (partly) 
located in two or even three of the 19 regions, it was impossible to calculate the total dis-
charge for each region. 
Total mean discharge in all river basins which are of interest in this study (excluding regions in 
the far North and South) is estimated to be 39,672 km3 y r 1 . This figure compares surprisingly 
well with the average global runoff of 41,000 km3 y r 1 as given byL'vovich (1979) in Table 5.1. 
Mean monthly discharge of each river basin are given in Appendix I. 
5.3.4 Droughts and decline in water availability 
Erratic river flows cause floods and droughts. Especially droughts threaten agricultural pro-
duction. To investigate the sensitivity of production in irrigated agriculture to erratic water 
availability, ideally one would like to make use of a similar data set as described above, but for 
example for the 20% driest years. This one in five years situation is generally used in feasibility 
studies on water resources development, as the situation in which just sufficient water should 
be available for agricultural water supply. In other words, in situations drier than a one in five 
years situation, water shortage is accepted. 
To quantify a 20% dry situation, series of discharge data are required. Such series should span 
at least a period of al least 20 years in order to provide statistical reliability. However, such se-
ries are fairly scarce for major parts of the world. This can be clearly observed when studying 
the GRDC data base. Given this situation, the next best approach would be to study sample 
rivers for various regions, hoping that the resulting 20% discharges relate similarly to the 
mean discharges, which would allow a generalization to all river basins, including the river 
basins for which no long series are available. The analysis based on this approach proved not 
successful (Delft Hydraulics, 1992). 
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This leads to the conclusion that no general picture can be drawn as to how one in five years 
discharges relate to mean discharges: for some rivers the one in five years discharge amounts 
to about 90% of the mean discharge, for other rivers it equals about 50%. Given the 
characteristics of various rivers (perennial, semi-perennial, etc.) this conclusion is hardly 
surprising. Unfortunately, it implies that, within the framework of this study, we are unable to 
quantify on a global scale the one in five years decline in water availability. 
5.3.5 Water allocation 
In this study, the allocation of water for (irrigated) agriculture is based on the assumption that 
the provision of domestic and industrial water demand will have the highest priority. Even 
though local conflicts on water rights frequently occur, especially in case of new developments 
and "historic rights", the general attitude is that this allocation priority is justified on social 
and economic grounds. Legislation in most countries reflects this view. 
The net domestic and industrial water demands were calculated for each country by multiply-
ing the population estimates with estimated per capita water demands. That information was 
available for each country (Appendix H). Obviously, countries can be located in more than one 
river basin, or one (large) river basin may comprise several countries. In order to calculate the 
total domestic and industrial water demand in the catchment area of a river basin, we had to 
assume that those water demands are equally distributed over all grid cells comprising a coun-
try. Domestic and industrial water demand in a river basin, is then simply the sum of domestic 
and industrial water demands in the various grid cells located in the catchment area of a river 
basin. 
Based on the this priority setting, water availability for irrigated agriculture in each river basin 
was calculated as the difference between total discharge and the net domestic and industrial 
water demand. The 25% return flow of agricultural water is assumed to be sufficient to meet 
the other demands on the water resources system. Variability of the river flow and the irriga-
tion water demand over the year was taken into account by applying a one month time step in 
the water allocation calculations. 
Allocation of irrigation water to the grid cells was based on two (food production) scenario's: 
maximum production and regional self-sufficiency in production. Maximum production was 
calculated by allocating water to grid cells until all grid cells were fully served, or until all 
available irrigation water was used, whatever criterion was satisfied first. Production for re-
gional self-sufficiency was calculated by supplying irrigation water until a sufficient grid cells 
were served, or until all available irrigation water was used, whatever criterion was satisfied 
first. Water allocation was also based on the principle that cells with the highest food produc-
tion per unit of allocated irrigation water were served first. 
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6. The calculation procedure 
6.1 Integration of data at various aggregation levels 
Chapters 4 and 5 gave an overview of the factors that determine maximum food production. 
These are: climate conditions, soil characteristics, suitable farming area, water availability, 
agricultural practice, and crop response characteristics. The data are available at independent 
and different scales: weather data are given for some 900 weather stations; river discharges 
are specified for 105 river basins; soil data are at hand for 15413 1°x1e grid cells; and data on 
population size and food requirements are given at the level of 152 countries and/or 15 major 
regions of the world. 
Irrigated 
production 
[grid cell] 
Total 
production 
[region] 
Irrigation water 
[river basin] 
Irrigated 
yield 
[grid cell] fc 
Irrigated 
yield 
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[grid cell] 
Soil 
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Figure 6.1 Steps and aggregation levels to compute food production by region. 
There are very large differences in the areas of climate zones and the catchment areas of river 
basins, and there is not some kind of dependence or link between the classifications in climate 
zones, watersheds, and countries. These scale differences did not cause any problems in this 
study. We have performed all basic calculations at the level of the smallest agroclimatological 
zones, i.e. the T x r g r i d cell (Figure 6.1), based on the concept that it is better to use all basic 
data and to aggregate subsequently, than to start with average values (De Wit and Van 
Keulen, 1987), and on the following assumptions: 
Either the HEI system or the LEI system is applied in the whole world. Computations for 
identification of growing seasons, potential (grain) and N/water-limited (grain and grass) 
crop yields, water allocation to grid cells, and total production per region and for the 
world as a whole, must therefore be performed separately for both systems. As soil suit-
ability has been assumed equal for both systems (Section 4.3), these calculations can be 
done only once. 
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• At a specific site, potential and water-limited crop yields, and hence irrigation water de-
mand, are determined by climate zone and soil characteristics (Section 4.4). Weather con-
ditions are the same for all grid cells comprising a particular climate zone, but soil types 
and soil suitability can differ from grid cell to grid cell. This implies that crop yield and irri-
gation water demand must be calculated at the level of grid cells. 
• The domestic and industrial water demand in a country is equally distributed over the grid 
cells comprising that country (Subsection 5.3.5), but as more than one country can be lo-
cated in the catchment area of a river basin, domestic and industrial water demand will 
vary within that area. Irrigation water demand also varies among the grid cells comprising 
the catchment area of a river basin. This implies that the availability of irrigation water 
and allocation of irrigation water must also be considered at grid cell level. 
• Once maximum yield levels have been calculated for each grid cell separately, total pro-
duction levels can be aggregated to the level of 15 regions of the whole world. 
6.2 Order of computations 
Computations have been performed in the following order: 
1. The number and the length of the growing seasons had to be identified. As these are only 
determined by temperature conditions, the calculations need only be done once for every 
climate zone, and results could be assigned to all grid cells within that climate zone. 
2. On the basis of soil data, weather data, growing seasons, and crop properties and re-
sponse, potential and water-limited production levels can be calculated. The necessity of 
supplemental irrigation is calculated by subtracting the water demand for potential pro-
duction from the amount of water available under water-limited production. 
Each growing season, for each grid cell, has to be simulated in separate model runs. 
However, the number of simulation runs can be considerably reduced, knowing that for 
grid cells that are located in the same climate zone and that have identical soil types (i.e. 
with identical growing seasons and crop response), only one simulation run has to be 
done, and results can be assigned to the other grid cells subsequently. 
The total number of growing seasons over all weather zones amounted to 1684 for LEI 
and 1868 for HEI (the latter is higher because of the shorter intercrop period). Combining 
these growing seasons with the 15413 grid cells gave 23477 and 25062 combinations for 
LEI and HEI, respectively. Selecting the unique combinations of climate zones, soil type, 
and starting date the growing season, reduced the number of simulation runs required to 
2798 for LEI and 3101 for HEI. 
3. This step only applies to the LEI system. On the basis of the nitrogen balances, N-limited 
production (assuming ample water) can be calculated. If potential and/or water-limited 
production (assuming ample nitrogen), as calculated in step 2, appears to be higher than 
N-limited production, these two production levels and the corresponding irrigation water 
requirements have to be reduced to the level of N-limited production. 
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Separately from the calculations in steps 1-3, soil suitabilities were calculated for each grid 
cell. These soil suitabilities have been multiplied with the potential and N/water-limited 
production volumes and with the corresponding irrigation water demands. 
The next step is the allocation of available irrigation water to the grid cells, which is the 
most complex step of all. Water allocation has been based on two (food production) 
scenario's: maximum production and regional self-sufficiency in production. 
This step only applies to the HEI system. Once we know in which grid cells potential pro-
duction can be realized and in which grid cells only N/water-limited production, the 
amounts of fertilizer and biocides required in the HEI system have been calculated. 
Finally, results for all grid cells have been aggregated and average values of yield, produc-
tion volumes, and fertilizer and biocide requirements (only HEI) were computed for the 15 
major regions and the world as a whole. Self-sufficiency indices have been calculated for 
each region, and for all combinations of production systems, diets, and population sizes. 
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Results 
7.1 Introduction 
Firstly, calculations were performed in which food production was maximized in each of the 
regions, irrespective of actual food requirements (Section 7.2). In that situation, all land re-
sources are fully exploited, but water resources may remain unused if irrigation water is abun-
dant available. 
Secondly, calculations were performed trying to obtain regional self-sufficiency in food pro-
duction, e.g. in each of the 15 regions not more food is produced than required (Section 7.3). 
This implies that in some regions self-sufficiency may not be reached due to lack of land and/or 
water resources, while in other regions land and/or water resources may remain unexploited. 
Thirdly, a sensitivity analysis was carried out to examine the sensitivity of results for some 
major assumptions, i.e. (i) rooting depth, (ii) amount of nitrogen fixed by leguminous crops, 
(iii) soil suitability for modern farming (Section 7.4). 
Fourthly, the amount of nitrogen leached to the groundwater has been calculated. N-leaching 
is expressed as a percentage of the maximum allowed N-leaching, and as the amount of N 
leached per unit production (Section 7.5). 
Finally, total fertilizer and biocide requirements have been estimated for the HEI system 
(Section 7.6). 
Reduction in combinations 
The ratio food production/food requirement (self-sufficiency indices) can been calculated for 
the nine possible combinations of population sizes and human diets. To reduce the number of 
results to manageable proportions, only results for the minimum, (low population, vegetarian 
diet), medium (medium population, moderate diet), and maximum (high population, affluent 
diet) food demand scenarios are discussed, for both production systems. Results for the inter-
mediate combinations of diets and populations sizes are given in appendices. 
7.2 Crop yields 
7.2.1 Potential grain yields 
Potential grain production per cropping season, corrected for post-harvest losses, ranges from 
2 to 121 (dry matter) ha"1 in the HEI system and from 1.5 to 3 t ha"1 in the LEI system. In com-
bination with up to three growing seasons per year, annual production ranges from 4 to over 
251 ha"1 for the HEI system and from 2 to nearly 71 ha"1 for the LEI system. Annual potential 
grain production per climatic zone is shown in Maps 7.1 and 7.2, for HEI and LEI, respectively. 
These are average values of the grid cells within each climate zone; yields in individual grid 
cells may have be somewhat higher or lower than the range indicates. The HEI potential yield 
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is only determined by temperature and plant growth characteristics (neither water nor N limi-
tation), but the LEI potential yield is mainly determined by N availability (no water limitation). 
7.2.2 Water-limited grain yields 
Water availability is a severe limitation to food production. Under natural conditions, potential 
yields cannot be reached in most areas because of lack of water. Water-limited production 
levels vary enormously over the world. In very dry areas (e.g. parts of Africa and Australia) 
water-limited yields are zero, while in areas with high precipitation (e.g. Central Africa, 
Indonesia, parts of South America), levels are rather close or equal to the potential yields. 
Production under water-limited conditions is given in Maps 7.3 and 7.4, for HEI and LEI respec-
tively. Note that the LEI water-limited yield in most areas is not determined by water availabil-
ity, but by N availability. 
7.2.3 Comparison potential and water-limited yields 
Map 7.5 and 7.6 show the huge difference between potential and water-limited production 
levels, for HEI and LEI, respectively. These maps indicate in what areas and to what degree 
irrigation is needed to realize potential yields. Generally, tropical regions show a much larger 
difference between potential and rainfed production levels than temperate regions. The dif-
ference in yield level is roughly largest in northern and southern Africa, south-west Asia, and 
Australia (which are typical desert areas). These results are in good agreement with global 
climatological and agroclimatological zoning (Anonymous, 1978; Skibbe, 1958). 
7.2.4 Comparison yields in HEI and LEI systems 
Potential and water-limited yields in the LEI system are considerably lower than those in the 
HEI system. This is due to the fact that nitrogen is a limiting factor in the LEI system. LEI poten-
tial yield levels are lower than HEI potential yields in all areas, and in most areas, they are even 
lower than HEI water-limited yields (except in areas with extremely low rainfed yields, like 
Northern Africa, Western Asia and parts of South America and Oceania). 
7.2.5 Yields of grasslands 
The same crop growth model has been used to simulate grain crop and grassland production, 
except for the values of the harvest indices (HI). Under identical environmental conditions HI 
and, consequently, the yield of grassland is higher than that for grain. In this study we have as-
sumed that irrigation is only applied to arable cropping land; grassland is always rainfed. The 
yields of grassland can therefore be derived from the water-limited yields of grain (Maps 7.3 
and 7.4), by multiplying these values with the ratio of their His. This ratio is 0.45/0.6 = 1.33 for 
HEI and 0.7/0.4 = 1.75 for LEI (Section 4.4). 
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7.3 Scenarios for maximum food production 
7.3.1 Maximum production level 
Maximum world food production is the production volume that is realized if all available land 
is cropped, and all water resources, if necessary, are used for irrigation purposes. On land that 
can be fully irrigated, potential yields can be realized, but in areas where irrigation water 
availability is limited, maximum yields may be well below the potential level. Once again, irri-
gation is only applied to arable cropping land, not to grassland. 
Figure 7.1 gives the maximum production levels for the HEI and LEI production systems. 
Europe 
(former) USSR 
Western Asia ~ g ^ 
Southern Asia 
Eastern Asia 
Southeast Asia 
Oceania 
Southern Africa ~ ^ 
Eastern Africa ^ 
Central Africa ~^j 
\Afestem Africa T~~ 
Northern Africa 
North America 
Central America 
South America 
12 15 18 21 
Figure 7.1 Maximum food production (in Grain Equivalents, 1012 kg yH) of the 15 regions. Black bars 
represent the HEI production system, gray bars the LEI production system. 
Table 7.1 gives exact data on the maximum production levels, specified for irrigated and rain-
fed production, for each region and for the world as a whole, and Table 7.2 gives the corres-
ponding areas under cultivation. An extensive calculation scheme of the maximum food pro-
duction per region4 is given in Appendix J. 
4
 Calculations have been performed for 19 regions in these schemes. The necessary calculations to reduce the 
number of regions from 19 to 15 have been performed subsequently. 
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Table 7.1 Maximum food production (in Grain Equivalents, 109 kg yH) in the HEI and LEI production 
systems. This production (first column) comprises yield from irrigated crops (second col-
umn), rainfed crops (third column) and rangeland (fourth column). 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Region 
South America 
Central America 
North America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Eastern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
World 
HEI 
Total Irrigated Rainfed 
prod. 
20373 
1853 
6418 
1798 
3546 
7505 
5594 
1304 
4137 
3670 
4056 
3442 
1245 
4524 
2792 
72256 
grain 
11837 
949 
2396 
648 
1449 
4691 
3169 
654 
1020 
1394 
1949 
1594 
772 
1645 
1011 
35175 
grain 
1636 
0 
1217 
365 
1012 
161 
603 
205 
1131 
0 
0 
581 
33 
902 
55 
7899 
Rainfed 
grass 
6901 
905 
2805 
786 
1085 
2653 
1822 
445 
1986 
2276 
2108 
1268 
440 
1977 
1727 
29182 
LEI 
Total I 
prod. 
6877 
811 
3252 
1066 
1503 
2672 
1892 
616 
2238 
1185 
2261 
1836 
658 
2459 
1348 
30673 
rrigated Rainfed 
grain 
3804 
284 
1519 
290 
788 
1467 
1057 
326 
821 
368 
740 
931 
305 
1113 
375 
14188 
grain 
0 
0 
0 
150 
192 
0 
0 
0 
275 
0 
0 
53 
1 
0 
0 
671 
Rainfed 
grass 
3073 
527 
1733 
626 
522 
1205 
835 
290 
1142 
817 
1521 
851 
352 
1346 
973 
15814 
7.3.1.1 HEI system 
Maximum production in the HEI system amounts to about 72 Gt of GE's. At global scale, irri-
gated crop production exceeds rainfed crop production considerably (35 vs 8 Gt); grasslands 
could provide up to 29 Gt. Crop land area is 49% of the total area, and contributes 60% to to-
tal production. About 65% of the grain land area is irrigated, but it contributes about 82% to 
total grain production. Hence, nearly 49% of the total production is originates from irrigated 
land. 
Large variations exist among the regions. In absolute terms, South America has by far the 
highest food production potential of all regions, due to its extended suitable area and poten-
tial for irrigation, while it also has the highest rainfed production potential. Obviously, realisa-
tion of this potential requires agricultural use of areas currently under rain forest. A second 
substantial potential area for irrigated cropping is Central Africa, while Eastern Africa comes 
third. North America has the second largest potential for rainfed production. Clearly: there are 
enormous potentials in areas with currently low population pressure. 
Asia has already much irrigated land, but major potentials for irrigation also exist in South and 
North America, Central and Eastern Africa, and the former USSR. A substantial proportion of 
the unirrigated land receives sufficient rain to produce also a decent rainfed crop. Large re-
gional differences exist in the fraction of land that can be irrigated. In Central America, South-
east and Eastern Asia all crop land can be irrigated (zeros for rainfed production in Table 7.1). 
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Table 7.2 Total cropping area (in 106 ha) in the HEI and LEI production systems. The area consists of 
irrigated grain land, rainfed grain land, and rainfed grassland. The total cropping area and 
the grassland area are equal in both production systems. 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Region 
South America 
Central America 
North America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Eastern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
World 
HEI & LEI 
Total 
1375 
159 
892 
549 
435 
542 
468 
194 
605 
201 
578 
387 
272 
788 
332 
7778 
Rainfed 
grass 
523 
104 
413 
413 
222 
224 
214 
105 
321 
124 
341 
190 
213 
356 
213 
3975 
HEI 
Irrigated 
grain 
697 
55 
250 
35 
73 
301 
169 
35 
55 
78 
236 
98 
45 
218 
110 
2457 
Rainfed 
grain 
154 
0 
229 
101 
140 
17 
85 
54 
228 
0 
0 
99 
14 
214 
10 
1346 
LEI 
Irrigated 
grain 
852 
55 
480 
58 
138 
318 
254 
89 
150 
78 
236 
179 
59 
432 
120 
3499 
Rainfed 
grain 
0 
0 
0 
78 
75 
0 
0 
0 
133 
0 
0 
18 
1 
0 
0 
305 
7.3.1.2 LEI system 
Nitrogen appears to be the main limiting factor in many areas, not water. Consequently, the 
water requirement is low, and a larger area can be irrigated. Maximum production in the LEI 
system is about 31 Gt of GE's, i.e. about 40% of the maximum in the HEI system. Rainfed crop 
production is very limited compared to irrigated crop production (0.7 vs 14 Gt); grasslands 
could provide up to 16 Gt. As in the HEI system, the crop land area is 49%, but it produces only 
49% of total production. About 92% of the crop land area is irrigated, and it contributes al-
most 96% to total grain production. Over 46% of total production originates from irrigated 
land. 
The variations among countries are similar to those under the HEI system. Again, South 
America has by far the highest production potential of all regions, for both irrigated and 
rainfed production. North America has the second largest production potential, while Central 
Africa comes third for irrigated cropping and Eastern Africa third for rainfed production. 
The irrigation water requirement is lower in the LEI system than in the HEI system. Consequ-
ently, it is possible to fully irrigate crops in most regions. Water shortage exists in Northern and 
Western Africa, Southern and Western Asia, and Oceania. It is remarkable that even extensive 
areas like South and North America and the former USSR could be completely irrigated. 
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7.3.2 Supply versus demand 
What picture emerges when future production potentials and future demands are confron-
ted? The ratio of potential supply and demand (self-sufficiency indices) indicates the food 
security situation. Table 7.3 presents these ratios for the minimum, medium and maximum 
food demands, for both production systems. Appendix K gives these ratios for every possible 
combination of population size and diet. Ratios vary from values below 1.0 to over 100. 
Table 7.3 Ratios of potential food supply and food demand. Data are given for the minimum (veg. 
diet, low pop.), medium (mod. diet, med. pop.) and maximum (affl. diet, high pop.) food 
demands, for the HEI and LEI systems. 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Region 
South America 
Central America 
Northern America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Eastern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
World 
HEI 
minimum 
demand 
89.2 
15.6 
49.3 
13.7 
16.0 
83.2 
22.0 
31.0 
270.7 
11.8 
5.7 
3.7 
10.5 
29.5 
13.5 
19.7 
medium 
demand 
41.7 
7.2 
22.3 
6.0 
6.4 
35.6 
9.4 
14.8 
126.9 
5.1 
2.6 
1.6 
4.4 
14.0 
6.4 
8.8 
maximum 
demand 
20.0 
3.5 
10.5 
2.8 
2.9 
17.1 
4.3 
6.9 
60.6 
2.4 
1.3 
0.8 
2.0 
7.0 
3.2 
4.2 
LEI 
minimum 
demand 
30.1 
6.8 
25.0 
8.1 
6.8 
29.6 
7.4 
14.6 
146.5 
3.8 
3.2 
2.0 
5.6 
16.0 
6.5 
8.4 
medium 
demand 
14.1 
3.1 
11.3 
3.5 
2.7 
12.7 
3.2 
7.0 
68.7 
1.7 
1.5 
0.9 
2.3 
7.6 
3.1 
3.7 
maximum 
demand 
6.8 
1.5 
5.3 
1.7 
1.2 
6.1 
1.5 
3.3 
32.8 
0.8 
0.7 
0.4 
1.1 
3.8 
1.6 
1.8 
The most probable scenarios can be selected by returning to the contrasting views on future 
land use, that are at the basis of this study. The view that maximum productivity should be 
realized, and some environmental damage is acceptable, is likely to concur with the view that 
'better diets are deserved', and that economic development in less-endowed countries should 
be based on local resources. Production under those conditions grows slowly, so poverty and 
high population growth rates are likely to pertain. In other words, the HEI system is more likely 
to be combined with a medium-high food demand scenario. By the same reasoning, a view 
leading to the LEI scenario is likely to concur with vegetarian-moderate diets, faster economic 
development of poor countries due to better terms of trade, and hence lower population 
growth rates. Hence, LEI agriculture may then be compared to a low-medium food demand 
scenario. It is interesting to observe that the potential supply/demand ratios for the globe and 
by region are about equal for these most probable scenarios (Table 7.3). 
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A ratio of 1 indicates food security at global and regional level. Because of unequal income 
distribution that keeps food inaccessible to the poor, a higher value is required to ensure food 
security at household level; we have used a ratio of 2. The fact that food cannot be distributed 
and transported in large quantities among regions, and particularly among continents, makes 
the food security situation at world level even more unfavourable. 
7.3.2.1 HEI system 
When HEI farming is practised, all regions can produce the food required, even for a high po-
pulation and an affluent diet, except for Eastern and Southern Asia; Southeast and Western 
Asia, and Western and Northern Africa come close to the lower limit. These regions, that will 
carry almost half the global population, will have least leeway in land use. A diet, much less 
expensive, provides the only option for escape. If, indeed, the HEI scenario coincides with the 
medium-high food demand scenario, shifting to a moderate diet would only leave Southern 
Asia in the danger zone, and with a vegetarian diet all regions reach food security (this holds 
for all population scenarios). 
Thus, depending on the actual population size and consumption level selected, Asia needs 
50-100% of the suitable soils to grow its food (which for some regions is even not enough), 
Europe, Central America and Africa can grow their food on 30-60% of the area, the former 
USSR and North America on 10-30%, and South America and Oceania on 10% or less. 
7.3.2.2 LEI system 
Food security outlooks under LEI agriculture are different. Only the former USSR, North and 
South America, Central and Southern Africa, and Oceania can offer their future populations an 
affluent diet, independently of population size. Southern Asia, on the contrary, will experience 
food shortage even at the minimum food demand. In this densely populated region, less ex-
pensive diets do not provide the solution. 
If indeed the LEI-scenario coincides with the low-medium food demand scenario, it depends on 
the selected combination of population size and diet whether food security can be reached in 
the other regions. The other Asian regions can only escape the danger zone at a minimum 
food demand. Europe, Central America, and Northern, Western and Eastern Africa, cannot 
meet the maximum demand, but for a more expected lower demand, they could grow all their 
food on 30-60% of their suitable soils. 
7.3.3 Comparison with current food production 
The calculated maximum production levels and the area under irrigation can be compared to 
the current situation. Aggregated data per continent are given in Table 7.4. For South America 
and Oceania, current production levels are below 10% of those in the LEI and HEI systems. For 
Asia, North America and the former USSR differences are smaller, but our predictions are still 
higher than current levels. The only exception is Europe, for which current production is be-
tween the LEI and HEI production levels. The area currently being irrigated is only 10% and 
7% of the areas in the HEI and LEI systems, respectively. Differences among regions are large: 
in South America and Oceania only a few percent of the irrigation potential is used, while this 
is about 30% in Asia. 
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Table 7.4 Total food production (Grain Equivalents, 109 kg yr-1) and the irrigated area (106 ha) in 
the HEI and LEI production systems, and current food production and irrigated area (based 
on FAO, 1991b), per continent. 
Region 
South America 
North America 
Africa 
Oceania 
Other Asia 
(former) USSR 
Europe 
World 
PRODUCTION 
HEI 
20373 
8271 
19747 
4137 
12413 
4524 
2792 
72256 
LEI 
6877 
4063 
7749 
2238 
5940 
2459 
1348 
30673 
Current 
744 
1165 
369 
108 
2719 
721 
1465 
7291 
IRRIGATED AREA 
HEI LEI 
597 852 
305 535 
613 857 
55 150 
457 552 
218 432 
110 120 
2457 3499 
Current 
9 
27 
11 
2 
150 
21 
17 
237 
7.4 Scenarios for regional self-sufficiency in food 
production 
In Section 7.3 we analyzed a situation with maximum food production in each region, and as-
sumed unlimited interregional food distribution and transport. This section examines the situ-
ation in which each region provides its own needs only, i.e. if each region produces not more 
than necessary to reach self-sufficiency at the household level (ratio food supply/demand = 2), 
and interregional transport of food is excluded. 
Calculations were performed in such a way that once regional self-sufficiency was obtained af-
ter adding an increasing number of grid cells, starting with the highest production per unit 
water required, no further production options were utilized. Hence, once self-sufficiency was 
obtained, any further land and water resources remain unused in that region. 
7.4.1 Reduction in production level 
Figure 7.2 shows that the food production levels with regional self-sufficiency are considerable 
below the maximum production levels, as production exceeding the level of self-sufficiency, 
that might potentially be supplied to regions with deficiencies, is not considered any more. 
Huge differences among regions exist in the this decline in production level (Table 7.5). For 
example, production levels in South America and Oceania, and to a less extent North America 
and Central Africa, decrease substantially, while those in Southeast and Southern Asia hardly 
decline. 
7.4.2 Supply versus demand 
The ratios of food supply and food demand (Table 7.3 and Appendix K) do not change for the 
individual regions, under the condition that the upper value is 2. However, ratios for the world 
as a whole (Table 7.6) have declined substantially, due to the production limit and the exclu-
sion of interregional food transport. 
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MAXIMUM Minimum demand Medium demand Maximum demand 
Figure 7.2 Maximum global food production (1012 kg GE yH) , for the HEI (full bars) and LEI (open 
bars) systems, compared to world food production, if each region produces not more than 
necessary to reach self-sufficiency at household level (ratio food supply/demand • 2), ac-
cording to a minimum, medium and maximum food demand scenario, and without inter-
regional transport of food. 
7.5 Sensitivity analysis 
Sensitivity analyses have been performed to examine the sensitivity of results (yields and pro-
duction volumes) to some major assumptions. These assumptions cq. the associated parameters 
are (i) root ing depth, (ii) amount of nitrogen available to the crop through biological f ixation 
and deposition, and (iii) land suitability. Subsections 7.5.1 t i l l 7.5.3 explain the influence of 
variations in these three parameter values on potential and/or water-l imited yields and pro-
duction volumes in both production systems. 
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Table 7.5 Maximum world food production (109 kg GE yi~1), in the HEI and LEI production systems, 
compared to production levels, if each region produces not more than necessary to reach 
self-sufficiency (ratio food supply/demand = 2), according to a minimum, medium and 
maximum food demand scenario, and without interregional transport of food. Production 
levels for each combination of population size and diet are given in Appendix L. 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Region 
South America 
Central America 
North America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Eastern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
World 
HEI 
Max. 
Prod. 
20373 
1853 
6418 
1798 
3546 
7505 
5594 
1304 
4137 
3670 
4056 
3442 
1245 
4524 
2792 
72256 
Food demand 
Min. 
457 
237 
260 
262 
443 
180 
510 
84 
31 
624 
1426 
1864 
236 
307 
414 
7335 
Med. 
977 
518 
574 
601 
1112 
421 
1189 
176 
65 
1436 
3102 
3442 
567 
646 
872 
15699 
Max. 
2032 
981 
1219 
1283 
2445 
876 
2580 
376 
136 
3082 
4056 
3442 
1223 
1284 
1727 
26744 
LEI 
Max. 
Prod. 
6877 
811 
3252 
1066 
1503 
2672 
1892 
. 616 
2238 
1185 
2261 
1836 
658 
2459 
1348 
30673 
Food demand 
Min. 
457 
237 
260 
262 
443 
180 
510 
84 
31 
624 
1426 
1836 
236 
307 
414 
7307 
Med. 
977 
478 
574 
601 
1112 
421 
1189 
176 
65 
1185 
2261 
1836 
567 
646 
872 
12960 
Max. 
2032 
811 
1219 
1066 
1503 
876 
1892 
376 
136 
1185 
2261 
1836 
658 
1284 
1348 
18482 
Table 7.6 Ratios of food supply over demand for the whole world, for the HEI and LEI systems, when 
all regions produce not more than required for regional self-sufficiency at household level 
(ratio food supply/demand = 2), for every combination of population size and diet. 
HEI system 
LEI system 
Vegetarian 
Low Med. 
pop. pop. 
2.00 2.00 
1.99 1.90 
diet 
High 
pop. 
2.00 
1.83 
Moderate diet 
Low 
pop. 
2.00 
1.70 
Med. High 
pop. pop. 
1.91 1.84 
1.57 1.46 
Affluent diet 
Low Med. High 
pop. pop. pop. 
1.73 1.63 1.55 
1.36 1.21 1.07 
7.5.1 Rooting depth 
The amount of water tha t can effectively be used by crops under rainfed conditions, is linearly 
related t o root ing depth (homogeneous, one-layer soil). To examine the effect of increased 
rooting depth on water- l imited yields and to ta l product ion, the root ing depth has been in-
creased f rom 0.6 t o 1.0 m. This change only affects the water- l imited yields in both production 
systems (Table 7.7), not the potential yields. 
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Table 7.7 Water-limited grain yields (kg DM ha"1yH) in the HEI and LEI production systems, and the 
relative increase in yields, if rooting depth increases from 0.6 to 1.0 m. 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Region 
South America 
Central America 
Northern America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Eastern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
HEI 
Water-limited yield 
r.d.=0.6m 
10602 
6685 
5311 
3596 
7234 
9311 
7096 
3806 
4950 
13067 
4927 
5874 
2289 
4220 
6640 
r.d.=1.0m 
12192 
9119 
6862 
4782 
8646 
10681 
9046 
4819 
6312 
14355 
6280 
7974 
3827 
5443 
7740 
Relative 
increase 
1.15 
1.36 
1.29 
1.33 
1.20 
1.15 
1.27 
1.27 
1.28 
1.10 
1.27 
1.36 
1.67 
1.29 
1.17 
LEI 
Water-limited yield 
r.d.=0.6m 
3544 
2853 
2549 
1915 
2572 
3321 
2356 
1946 
2067 
3729 
2638 
3002 
1292 
2236 
2927 
r.d.=1.0m 
3990 
4151 
2996 
2582 
3136 
3803 
3058 
2108 
2882 
4289 
3004 
3950 
2077 
2405 
3035 
Relative 
increase 
1.13 
1.45 
1.18 
1.35 
1.22 
1.15 
1.30 
1.08 
1.39 
1.15 
1.14 
1.32 
1.61 
1.08 
1.04 
The relative increase in water-limited yields differs varies among regions. Generally, drier re-
gions like Western Africa, Central America and Oceania, profit more from increased rooting 
depth than wetter regions, like Southeast Asia and Europe. A higher water-limited yield im-
plies that less irrigation water is required per unit area to attain potential yield (potential 
yields levels and water requirements remain the same), so a larger area can be irrigated, and 
total irrigated production increases. Consequently, the rainfed area decreases, but as water-
limited yields increase relatively more than the rainfed area decreases, the overall effect is that 
rainfed production also increases (Table 7.8) 
Table 7.8 Relative increase in maximum, irrigated and rainfed global productions and in global irri-
gated area, for the HEI and LEI systems, if rooting depth increases from 0.6 to 1.0 m. 
HEI 
Maximum 
prod. 
1.150 
Irrigated Rainfed 
prod. prod. 
1.161 1.140 
Irrigated 
prod. 
1.171 
LEI 
Maximum 
Prod. 
1.130 
Irrigated 
prod. 
1.041 
Rainfed 
prod. 
1.207 
Irrigated 
area 
1.031 
7.5.2 Available nitrogen through fixation and deposition 
Crop yields in the LEI system strongly depend on the N-fixing capacity of leguminous crops, 
which is subject of discussion (Caporali and Onnis, 1992). As those yields are relatively low, we 
increased the amount of nitrogen available from 90 to 180 kg ha~1yr"1. This increases both 
water-limited and potential yield in the LEI system (Table 7.9). 
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Table 7.9 Potential and water-limited grain yields in the LEI production system (kg DM ha"^yr"1), and 
the relative increase in yields if the amount of nitrogen available through biological fixa-
tion and deposition increases from 90 to 180 kg ha"1yr"1. 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Region 
South America 
Central America 
Northern America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Eastern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
Potential yield 
N = 90 
4467 
5127 
3167 
4978 
5703 
4613 
4156 
3658 
5454 
4742 
3129 
5195 
5174 
2578 
3137 
N = 180 
8732 
10090 
6316 
9910 
11363 
8943 
8263 
7315 
10710 
9392 
5676 
9977 
10150 
5128 
5972 
Relative 
increase 
1.95 
1.97 
1.99 
1.99 
1.99 
1.94 
1.99 
2.00 
1.96 
1.98 
1.81 
1.92 
1.96 
1.99 
1.90 
Water-lirr 
N=90 
3544 
2853 
2549 
1915 
2572 
3321 
2356 
1946 
2067 
3729 
2638 
3002 
1292 
2236 
2927 
ïited yield 
N = 180 
5991 
4466 
4270 
2516 
3779 
5605 
4128 
2786 
3219 
6749 
3549 
4013 
1711 
3334 
4925 
Relative 
increase 
1.69 
1.57 
1.68 
1.31 
1.47 
1.69 
1.75 
1.43 
1.56 
1.81 
1.35 
1.34 
1.32 
1.49 
1.68 
Potential yields almost doubles, because they are linearly dependent on nitrogen uptake by 
the crop. Water- l imited yields, however, do not reach a value twice as high. This may be the 
result of the fact that water, instead of N, is the main growth l imit ing factor, or because 
water-stress decreases nitrogen use efficiency. 
Higher yielding crops need more water, so the irr igated area decreases considerably. This de-
cline is, however, fully compensated by the almost double yield potentials, so the net effect is 
that to ta l irr igated production increases. Rainfed production increases even more, because 
both the rainfed area and the rainfed yields increase (Table 7.10). 
Table 7.10: Relative increase in maximum, irrigated and rainfed global productions and in global irri-
gated area in the LEI production system, if the amount of nitrogen available through bio-
logical fixation and deposition increases from 90 to 180 kg ha"1yr"^. 
Maximum 
Prod. 
Irrigated 
prod. 
Rainfed 
prod. 
Irrigated 
area 
1.594 1.271 1.871 0.644 
7.5.3 Land suitability for agriculture 
The calculation method for land suitability has been explained in Section 4.3 and Appendix C. 
Total land suitability depends on three fractional suitability factors: those based on soil unit, 
on soil phase, and on soil slope. The sensitivity of the productive areas t o changes in all these 
suitability factors has been examined. The fo l lowing modifications were analyzed, each sepa-
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rately from the others: (i) subtraction of 0.1 from the suitability factor for the soil unit; (ii) ad-
dition of 0.25 to the suitability factor of the soil phase; and (iii) multiplication of the suitability 
factor for the three main soil slope classes with 1.5 (of course, a suitability factor must remain 
between 0 and 1). The new suitability factors for every soil unit, soil phase and soil slope are 
given in Appendix C too. The new productive areas and production levels for the world as a 
whole are given in Tables 7.11 and 7.12. New productive area per region are also given in 
Appendix M. 
Table 7.11 Total, cropping, and grassland areas according to the model (106 ha), and the areas and 
relative change in the areas, if the land suitability for arable farming and grassland 
changes as follows: (i) subtraction of 0.10 from the suitability factor of the soil unit, (ii) 
addition of 0.25 to the suitability factor of the soil phase, and (iii) multiplication of the 
suitability factor for soil slope with 1.5. Areas refer to the world a a whole. 
Standard 
soil unit (-0.10) 
soil phase (+ 0.25) 
soil slope (x 1.50) 
TOTAL 
Area 
7778 
6907 
8586 
8070 
Change 
n.a. 
0.888 
1.104 
1.037 
CROPPING 
Area 
3808 
3345 
4380 
4124 
Change 
n.a. 
0.879 
1.151 
1.084 
GRASSLAND 
Area Change 
3975 n.a. 
3562 0.896 
4206 1.058 
3946 0.993 
Table 7.12 Changes in maximum, irrigated, and rainfed production and in irrigated area, for the HEI 
and LEI production systems, for three different changes in soil suitability factors (see Table 
7.11 for explanation). 
Soil unit (-0.10) 
Soil phase (+0.25) 
Soil slope (x1.50) 
HEI 
Total 
prod. 
0.913 
1.037 
1.021 
Irrigated 
prod. 
0.981 
0.965 
0.980 
Rainfed 
prod. 
0.849 
1.105 
1.060 
Irrigated 
area 
0.976 
0.971 
0.983 
LEI 
Total 
prod. 
0.896 
1.062 
1.028 
Irrigated 
prod. 
0.902 
1.055 
1.050 
Rainfed 
prod. 
0.891 
1.067 
1.010 
Irrigated 
area 
0.896 
1.069 
1.060 
With the decrease in soil unit suitability, irrigated production decreases less than total crop-
ping area in both farming systems. This implies that in both systems a larger fraction of the 
cropping land can be irrigated. Rainfed production is reduced by about the same factor as the 
rainfed area. 
At increased soil phase suitability and soil slope suitability, production volumes in both the HEI 
and LEI production systems increase. In LEI, both rainfed and irrigated production increase, but 
in HEI irrigated production decreases and rainfed production increases. There is no clear ex-
planation for this (small) opposite effect. 
Finally, it can be concluded that the relative change in production volumes is always smaller 
than the relative change in land areas. The reasons for this is that land areas that are culti-
vated additionally or are taken out of production, are always the marginal areas, i.e. areas 
with relatively unfavourable soils and a low production potential. 
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7.6 Nitrogen leaching 
Nitrogen leaching has been calculated for the potential and water-limited production in the 
HEI system, and N-limited production in the LEI system. Results are expressed as the amount 
of nitrogen leached per unit product, and as a percentage of the maximum allowed nitrogen 
concentration in the leachate. The geographical distribution of N-leaching is shown in Maps 
7.7 - 7.10 for the HEI system and in Maps 7.11-7.12 for the LEI system. 
Annual nitrogen losses on an area basis are only slightly higher in the HEI system. This may 
seem surprising at first, because of the much higher supply of nitrogen in the HEI system. 
However, it is a direct consequence of the assumption of a lower recovery of nitrogen from 
organic fertilizers in the LEI system, and the fact that nitrogen availability from organic sources 
is less well-synchronized with crop demand (Paragraph 4.5.2.1). Nitrogen leaching per unit 
product, however, is in the LEI system about twice that in the HEI system, mainly due to the 
much lower yield levels in the LEI system. 
Nitrogen leaching per unit product, is lowest in regions with heavy soils with relatively high N 
recovery and in regions with low rainfall or water-limited production, and highest in regions 
with coarse soil types and in regions with high precipitation surpluses or irrigated production. 
Under potential production, with intensive irrigation, the nitrogen concentration in drainage 
water exceeds the maximum allowed concentration of 11 mg H (Subsection 4.6.1) in major 
parts of the world considerably, in both production systems. 
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7.7 Fertilizer and biocide use (HEI system) 
Nitrogen fertilizer and biocide requirements in the HEI system are given in Table 7.13. The 
amounts of fertilizer and biocides are given for the situation that the production is maximized 
in all regions. In addition, the percentages of these maximum amounts are given, that are 
needed to reach regional self-sufficiency at household level. These percentages are equal for 
fertilizers and biocides. Thus, a percentage of 100% implies that regional self-sufficiency at 
household level cannot be realized in that region, even not with maximum production 
(compare with Table 7.3). 
Table 7.13 Maximum annual amounts of nitrogen fertilizer (108 kg) and biocides (10^ kg) required for 
maximum production, and the percentages of these maximum amounts that are needed to 
obtain regional self-sufficiency at household level (food supply/demand = 2), for the mini-
mum, medium and maximum food demand scenarios. 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Region 
South America 
Central America 
Northern America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Eastern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
World 
Maximum amount 
Fertilizer 
(108 kg/yr) 
4822 
357 
1191 
334 
902 
1858 
1427 
337 
812 
482 
664 
842 
317 
866 
370 
15579 
Biocides 
(106 
kg/yr) 
9022 
540 
2467 
908 
1883 
2991 
1958 
463 
2203 
935 
1440 
1685 
497 
1992 
733 
29718 
Percentage needed of max. 
for specific food demand 
Min. 
2.2 
12.8 
4.1 
14.6 
12.5 
2.4 
9.1 
6.5 
0.7 
17.0 
35.2 
54.2 
19.0 
6.8 
14.8 
10.2 
Med. 
4.8 
28.0 
9.0 
33.4 
31.4 
5.6 
21.3 
13.5 
1.6 
39.1 
76.5 
100.0 
45.6 
14.3 
31.2 
21.7 
Max. 
10.0 
52.9 
19.0 
71.4 
69.0 
11.7 
46.1 
28.8 
3.3 
84.0 
100.0 
100.0 
98.2 
28.4 
61.9 
37.0 
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8 Discussion 
8.1 Introduction 
The study reported here has an exploratory character, and should in no way be considered as 
an attempt to predict future developments at global scale. However, as an aid in decision-
making, availability of an objective estimate of 'the possible' is an essential boundary condi-
tion. In this study these possibilities have been explicitly defined, on the basis of technical 
know-how about the agricultural production process, which is the major component in world 
food supply. The approach chosen in this study, the problems we faced and tried to solve, and 
useful comments made by other specialists, can be used to create a more profound research 
basis for a more extensive and reliable continuation of this study in the future. 
Assumptions, inaccuracies and uncertainties, render the results of this study less unequivocal 
then we would have liked. For various reasons, this cannot be avoided. However, differences 
among the various scenarios are large and remain, even when consistently all estimates are 
made in an optimistic or a pessimistic way. 
Because of the global scale at which this study aimed, and the variability in quality and quan-
tity of the available data, a number of simplifying assumptions had to be made to allow a 
quantitative estimate of the options for food production, and the consequences of increased 
production levels at both the input and output side, i.e. the required means of production and 
the environmental impact of the selected production techniques. In this chapter, the conse-
quences of some of these assumptions, that in the study could not be analysed quantitatively, 
will be treated in a qualitative way, with the aim of justifying the main underlying principles, 
and elucidating their impact on the results. Sources of uncertainties and inaccuracies will also 
be given attention. 
8.2 Major assumptions in this study 
8.2.1 Population growth scenarios 
In defining the population growth scenarios per country, projected trends till 2025 have been 
extrapolated to 2040. These projections, therefore, carry a large degree of uncertainty. It has 
been observed during the last decades that trends in population growth can change over rela-
tively short time intervals. Such developments are not only associated with physical and eco-
nomic conditions, such as food availability, food prices and purchasing power, but are strongly 
co-determined by socio-cultural conditions. Substantial variability in growth rates has been ob-
served in the recent past, under the influence of for instance changes in religious attitudes. 
Moreover, great uncertainty exists with respect to the impact of epidemic diseases on future 
population developments at world scale. 
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8.2.2 Composition of the human diet 
The three diets defined for this study, are considered representative for food consumption at 
global level, reflecting the assumption that the food intake pattern is similar for the entire 
world population, irrespective of region, origin or cultural background. However, under cur-
rent conditions, substantial differences exist, partly associated with cultural background or 
differences in the physical environment. The major part of the Indian population is vegetarian 
(Whiteside, 1991), for cultural and religious reasons. Large parts of the population on the 
African continent consume considerable amounts of meat and other animal products, because 
the physical environment hardly allows arable farming. In Northern Europe and Japan protein 
intake consists largely of fish, while in South America animal protein mainly comprises protein 
intake. In Western Europe and North America the consumption of 'luxury' commodities, like 
meat and expensive vegetables, is relatively high. Although such differences are likely to per-
sist over the time horizon explored in this study, this differentiation has not been taken into 
account, because the study aimed at a comparative exploration of the food production 
capacities of various regions, and the inputs required to meet food demands. 
The affluent diet has been defined on the basis of the current food intake pattern in the USA 
and West-Europe, despite trends towards a continuing increase in the proportion of meat in 
the diet. The major argument is that extrapolation of these trends over the relevant time hori-
zon would lead to un realistically high levels of animal protein intake. 
Food consumption (in GE) in the affluent diet is approximately three times that in the vegetar-
ian diet. With the moderate and even with the vegetarian diet, man can live perfectly well and 
healthy (Whiteside, 1991). Consumption could be reduced even further till a minimum diet 
that meets the quality criteria as defined by Bakker (1985). Consumption rates under those 
conditions would be about 0.8 kg GE d"1, which requires for primary production an area 5.5 
times smaller than for the current affluent diet. We opted not to use this minimum require-
ment, as it is not representative as global average, and because consumption of meat tends to 
increase with rising income. 
8.2.3 Food consumption by animals 
Assuming that the number of domestic animals remains small, especially in the regions most 
densely populated, food consumed by these animals was totally ignored. However, food con-
sumption by animals can reach significant levels. In some societies (e.g. USA, The Netherlands) 
there are roughly as many pets as humans, and in developing countries millions of draft ani-
mals are still used. Waggoner (1993) states that the world's current draft animals (about 139 
million buffaloes and 20 million camels) consume more than half as much nutrients as in the 
animal products that would be eaten by 10 million people (assuming a protein intake by meat 
consumption of 20 g d"1 ; for comparison, the value for our moderate diet is about 4 g d"^ and 
for the affluent diet 42 g d"^). Taking into account the food consumption by animals, would 
therefore considerably change the food security situation in some regions. Replacing part of 
the million draft animals by tractors would make more food available for future people, less-
ening the demand for cropping land. 
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8.2.4 Global weather data 
The about 700 weather stations used in this study, are not homogenously distributed over the 
world. Station density in very low in North America and part of Asia, whereas it is very high in 
Europe. Zonal yield assessment becomes thus less accurate. This holds to a less extent also for 
the identification of growing seasons. For more accurate estimates of global food production 
potentials, a more dense network of weather stations would be required. 
Furthermore, the allocation of weather stations to the grid cells should be examined. A rough 
(accidentally) inspection ofthat allocation learned that it has not always been done correctly. 
Weather stations that are located at a rather extreme altitude (valley, mountain) compared to 
the rest of the area, should not be used. It was also discovered that to some grid cells a 
weather station was assigned, which was not the closest weather station. Such deflections 
must be traced and corrected, in order to improve the accuracy of the computations. 
Average monthly weather data were used. Since no data were available on daily weather and 
on the variation of monthly means over years, no year to year yield variability could be com-
puted. Differences in weather within regions probably average out local effects, and assuming 
that emergency food trade within regions will always be possible, year to year weather vari-
ability is not an issue for this study. 
8.2.5 Identification of growing seasons 
Our method to identify growing seasons and its results, may be point of discussion. In the 
model, crop development stage and the start and duration of a growing season depend only 
on temperature conditions, and in line with this, our identification method determines grow-
ing seasons based on temperature conditions only (Section 4.2). Thus, in principle, the use of 
this identification method can be justified. However, some critical remarks can be made, espe-
cially when looking at Maps 4.1 and 4.2. It appears that in some tropical areas (e.g. Columbia, 
Venezuela, Ethiopia and Marrocco), although these tropical areas are some cooler because 
they are located at higher altitudes, only one growing season has been identified, while in 
some temperate areas (e.g. West-France, Spain) two crops per year could grow. This does not 
agree with reality. 
It appears that the choice of the minimum and maximum temperatures between which crops 
can grow, has a rather strong influence on the results. We have used a rather wide range of 
allowed temperatures, i.e. 0-40 "C, for both temperate and tropical regions (Section 4.2). This 
choice seemed the best, because wider or narrower ranges gave unrealistic results. A wider 
range cannot be justified as temperatures outside the range 0-40 "C can be considered too ex-
treme for crop growth. A narrower range of 5-35 °C gave a strongly decreasing number of 
growing seasons. In some temperate regions, of which we know that one grain crop can grow 
per year, no suitable growing seasons were identified, and in some tropical areas, of which we 
know that crops can grow year-round, only one or two growing seasons were identified, cov-
ering only part of the year. This may change by improving the allocation of weather stations 
to grid cells, as discussed in Subsection 8.4.2. 
124 
Another limitation of our identification method is that only an integer number of growing 
seasons per year (0, 1, 2, 3 or 4) can be identified. If the 365th day to scan is reached, and the 
minimum temperature sum requirement has not been reached, the season is skipped, even if it 
is almost finished. However, in reality such season would continue into the following year, re-
sulting in for example 1 Vi or 2Vi crops per year, on average. Taking this into account, and 
simulating several successive years and calculating the annual production volume as the avera-
ge of those years, would certainly improve the estimates of annual productions. 
8.2.6 Soil data and soil suitability 
Estimation of the area of land suitable for mechanized arable farming is essential in the 
quantification of agricultural production potentials, as total food production is almost linearly 
related to the area suitable for agricultural production. Our knowledge of soils across the 
world shows important weaknesses with respect to the extent of coverage, extrapolation of 
point observations to grid cells, definition of soil characteristics compatible with crop models, 
and handling of preferential flow in soil profiles. Standardized data on suitability of soils at 
world scale were not available at the time of this study, hence a relatively simple procedure 
was developed to calculate soil suitability. The criteria used are those that could be easily 
derived from standard information from existing soil maps. That implies that only physical 
characteristics as soil texture, soil phase and soil slope have been taken into account, and that 
chemical criteria, such as the current level of salinization, acidification, nutrient exhaustion, 
etc., have been neglected because of lack of detailed and reliable information. We consider 
this lack of information a very important uncertainty in this study, although it is also very diffi-
cult to predict and quantify the influence of such chemical criteria. 
For thousands of years farmers have coped with soils that were not perfect. They built terraces 
to overcome (irrigation) management and erosion problems on steep soils, added (natural) 
fertilizers, or used rather unfavourable soils for animal production of meat and milk albeit at a 
low level of productivity. Soil limitations can be overcome through major land improvements 
(e.g. initial heavy fertilizer application), hence such land limitations are not considered to be of 
a permanent nature. Towards 2040, agricultural research and technology will have evolved, 
and the suitability of some soils may increase further. For instance, soils with high water tables 
could be drained, terrace construction could be improved, or crops resistant to salinity could 
be bred. On the other hand, some current (mis)management practices continue to deteriorate 
soil quality, for example in China (Luyten etal., 1995). 
8.2.7 Standard crop 
Food supply is expressed in grain equivalents produced by a 'standard crop', with characteris-
tics comparable to those of current major cereal crops and grasses. Although this standard crop 
can not represent all cultivated field crops, production of carbohydrates (energy) and protein 
by other field crops is not principally different. Also legume crops, important in the LEI system, 
are roughly similar in productivity in energy and protein terms (e.g. Grashoff, 1992). 
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The major cereal crops cover more than 50% of the arable and permanently cropped land 
(FAO, 1991b) and are efficient producers of energy and protein. In a future HEI system, this 
fraction cereals may remain stable. In the future LEI system there will be a larger share of 
legumes, but productivity will still be roughly similar. Our 'standard crop' is therefore 
reasonably representative for the major arable crops. 
8.2.8 Agricultural production systems 
In defining both production systems, two 'extreme' situations have been considered, that rep-
resent the boundaries for the technical options in agricultural production. The 'best technical 
means' have been assumed, or in other words, in each of the systems it is assumed that all 
currently foreseeable options with respect to the technical possibilities are applied in such a 
way, that optimum efficiency is achieved. Hence, constraints associated with the current situ-
ation with respect to knowledge, infrastructure, economic or socio-cultural conditions, etc., 
have not been taken into account. Differences in production potential and optimum input re-
quirements are the result of differences in climate, soil characteristics and biotic influences, 
and are not due to sub-optimal management, infrastructure or prices. Economic optima may 
result in cultivation under 'best practical means', that may substantially differ from the 'best 
technical means' (WRR, 1992). This once again illustrates the principle that the study explores 
possibilities and is not aiming at predictions with respect to the possibilities or ways for 
change. 
Application of the 'best technical means' implies that the current knowledge available in the 
Western world will be diffused world-wide. The Dutch agricultural systems are reasonable pro-
totypes for this, as several systems have been studied in The Netherlands more than anywhere 
else (Kloen, pers. comm.). Identical coefficients have been used for temperate and tropical 
zones (except the base temperature for crop growth, and the length of the intercrop period), 
which is not unreasonable: in the growing season, weather conditions are much more similar 
than the annual average; tropical and temperate crops respond to fertilizer, pesticides and 
management operations in much the same way; and under optimal management, assuming 
elimination of the hazards of soil erosion in both tropical and temperate regions, tropical soils 
respond as temperate soils. 
Although the time horizon of about fifty years encompasses two generations, the feasibility to 
achieve such 'best technical means' world-wide in 2040 may still be doubted. It will require an 
enormous amount of research to adapt known technologies to local conditions, and a lot of 
money for an all-out effort in world-wide educating the farming population in modern farm-
ing techniques. Whether or not this can be realized, is not only determined by the level of 
education of the farmers, and their willingness to learn, but also by, for example, the ability of 
local governments to help in research and education, and development aid by rich countries. 
When examining the dynamics of agricultural production, several examples can be cited 
where, under the influence of modified external conditions, distinct breaks in trends with re-
spect to food production, have been observed (e.g. Indonesia, Philippines). This may justify the 
assumption of 'best technical means'. For the European Community this assumption seems also 
plausible in the long term, given the current educational status of the population (WRR, 1992). 
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On the other hand however, in Africa for example, there is a huge gap between our model 
estimates and the current situation, with respect to the irrigated area and total production. 
This gap can be directly linked to the currently very low level of agriculture practice in Africa. 
Illiteracy in many developing countries may not have vanished completely, and even literate 
farmers may not be capable to perform cultivation according to the 'best technical means'. 
Thus, it may not be realistic to assume that 'best technical means' can be realized in Africa 
(Atta-Krah, Baidu-Forson, pers. comm.) 
Values for the 'best technical means' for the HEI system are similar to those selected in an 
earlier study (De Koning étal., 1992) with a similar objective. Values for 'best technical means' 
for the LEI system have been derived from knowledge of integrated, organic and biological-
dynamic farming systems. Although biological systems have been practiced for many decades, 
only recently they have become subject of systematic scientific research. The technical coeffi-
cients used in defining the LEI system are therefore less certain than those for the HEI system, 
particularly those referring to nitrogen recycling and the extent of yield reduction due to the 
omission of biocides. Expert knowledge on equilibrium situations (sustainability!) and 'best 
technical means' is summarized in the coefficients in the model. 
With respect to the HEI production technique, a serious question might be when such tech-
niques would (or could) be applied at global scale. In this context the current discussion on 
'sustainability' of land use is of prime importance. Although sustainability has in recent years 
been combined with practically any noun related to agricultural production, its operational 
definition still leaves much to be desired. Large-scale introduction of LEI production techniques 
seems to hinge on two aspects: either economic incentives should lead to their introduction, 
which would be only possible through setting consumer prices for products originating from 
such production techniques at sufficiently high levels, or through legislation if there is suffi-
cient societal pressure to implement such measures. In terms of economics, an important 
aspect is whether the environmental impact of agricultural activities will be directly charged to 
the producers ('the pollutor pays'), which would substantially modify the viability of agricultu-
ral production techniques. 
8.2.9 Nitrogen and other nutrients 
It should be realized, that if nitrogen (N) availability is optimized, also the other major plant 
nutrients, phosphorus (P) and potassium (K), should be available in sufficient amounts. When 
farming systems are in an equilibrium situation and all nutrients harvested and removed from 
the field would be recycled, no additional N, P, or K would be required. Since complete recy-
cling is not possible, a small regular supply of fertilizer is required. In 1990, farmers around the 
world applied the following amounts (in million tons): nitrogen, 79; phosphorus, 37, and 
potassium, 27 (United Nations, 1990). Before a stable situation is achieved, build-up of soil 
organic matter, containing nutrients, and build-up of the level of inorganic phosphorus, is al-
most always unavoidable. 
Nitrogen occupies a special position among plant nutrients, because (a) at world scale it is the 
most limiting element, (b) it is needed in large amounts each year for optimal crop production, 
(c) the agricultural production systems are relatively open for nitrogen (large amounts enter 
and leave the system each year), which implies that substantial amounts may be lost to the 
environment with harmful effects, such as pollution of drinking water reserves with nitrate or 
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contribution to acid rain and greenhouse gases, and (d) its price (because N fertilizer has to be 
produced industrially). 
Phosphorus deposits are available in many regions of the world. These so-called rock phos-
phates generally require industrial processing to be effective for agricultural application. Wit-
hout such processing the quantities required are prohibitively large. In a further analysis of the 
production possibilities, therefore, the role of phosphorus should be analyzed in more detail. 
In the order of 11 ha-1 of P is required in the soil to provide an adequate level of available P to 
cereal and legume crops for optimal growth and N-fixation; LEI systems are more dependent 
on a adequate soil P-content than HEI systems. Massive amounts are still needed in many coun-
tries, particularly where little fertilizer has been applied or mining is still ongoing (Smaling, 
1993). This implies that the potential requirement for P fertilizer could be as high as 8 Gt. The 
identified commercially explorable P-reserves were estimated at 4-10 Gt, most of which as rock 
phosphate in Africa (Tisdale et ah, 1985). This implies that all known stocks would be ex-
hausted. Hence, there may be insufficient P in the world when LEI production methods would 
be universally applied. 
Another approximation of the quantities of P required may be derived from the N require-
ments: in plant tissue the ratio of P to N should be about 0.1 under optimum conditions (both 
elements are involved in associated physiological processes). The N requirements in the plant 
material can be derived from the N fertilizer requirements and the recovery fraction, both of 
which have been defined in this study. The crop P requirements can thus be derived, and 
hence the P fertilizer requirements by assuming that processed phosphorus fertilizers have a 
recovery fraction of about 0.5, and natural phosphates of about 0.1. 
The amounts of potassium required in plant tissue are more difficult to estimate, as that ele-
ment has a 'double' function: a physiologically active component, as well as a carrier for nega-
tively charged ions. However, as a first approximation, quantities similar to those of N may be 
assumed (Van Keulen and Van Heemst, 1982), while the recovery of K fertilizer may be esti-
mated at about 1.3 times that of N fertilizer. 
8.2.10 Sensitivity to nitrogen recovery 
N recovery is a crucial factor that determines both N uptake and N loss. We assumed N recov-
ery in the LEI system to be two thirds of that in the HEI system. However, the uncertainty 
about the LEI values is greater than about the HEI values, so that we determined the sensitivity 
of the results for increase in LEI recoveries to the level of HEI recoveries. The impact on yield 
and losses for the LEI system is given in Table 8.1. 
The increase in N recovery of organic fertilizers corresponds with a proportional yield increase, 
and with a decreased N loss on an area basis. Therefore, N loss per kg product decreases by 
half. For comparison, values are given for the HEI system. N losses are slightly higher in the HEI 
system. However, due to higher yields, nitrogen losses per unit product are only 40%. Nitrogen 
losses per unit product are not equal 100% in the last column, due to differences in harvest in-
dex between both production systems, and due to the assumed yield loss in the LEI system be-
cause of omitted biocide application. 
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Table 8.1 Impact of improving the recovery of organic fertilizers on yield and nitrogen losses. The 
values represent yield, nitrogen loss, and their ratio, in 3 situations relative to the results of 
the standard LEI situation. The standard deviation is shown between brackets. LEI(0.67): 
Values as used in this report are indexed at 100; LEI(1.0): Values relative to LEI(0.67); 
HEKO.67): Values relative to LEI(0.67); HEI(1.0): Values relative to LEI(1.0). 
YIELD 
NLOSS 
NLOSS/YIELD 
LEI (0.67) 
100 
100 
100 
LEI (1.0) 
53.3 (4.5) 
71.2 (7.2) 
46.7 (6.1) 
HEI (0.67) 
266.7 (59.9) 
110.5(34.3) 
40.0 (5.3) 
HEI (1.0) 
174.6(41.4) 
153.2(37.0) 
85.7 (6.8) 
degree of pollution of groundwater with nitrate in the LEI system could be considerably 
er, if future recoveries of organic N in the LEI system can be brought to a level comparable 
Kat in the WFI cx/ctem 
The 
low
to th t i  t  HEI syst  
8.3 Levels of food production and food demand 
8.3.1 Potential crop yields 
Actual wheat yields, on a dry matter basis, exceed already 101 ha"1 in some European coun-
tries. Rice yields in Japan and South Korea exceed 101 ha"1 too. In tropical Asia, seasonal rice 
yields of more than 101 ha"1 can be obtained (Kropff etal., 1992), and with close to 5 crops in 
2 years, annual rice production may reach 25 t ha"1 (Yoshida etal., 1972). Spot-checks in West 
Africa (Kayes, Mali) showed an annual yield of 221 ha"1 (3 crops irrigated rice), and 71 ha"1 for 
a rainfed crop (Penning de Vries and Djitèye, 1982). To compare these yield levels with ours 
(Maps 7.1 - 7.4), 10% should be subtracted to allow for post-harvest losses. Without claiming 
accuracy, such a correspondence inspires confidence in the results for the HEI system. 
Simulated yields for the LEI production system are more difficult to compare with observed 
data, as experimental data for this type of farming are rather scarce. Despite the uncertainties 
in defining the technical coefficients of the LEI system, some examples indicate that the under-
lying assumptions adequately reflect the current state of knowledge of these systems. Seasonal 
yields computed for this system could be compared to cereal yield levels in the first half of this 
century in The Netherlands, when levels of applied chemical fertilizers were relatively low but 
cereals were grown in rotation with legumes (De Wit, 1991). These yields were about 21 ha"1 
(Spiertz et al., 1992). Currently, annual rice yields in Central Thailand approach 5-61 ha"1 with 
low levels of fertilizer application (FAO, 1991b), and nearly three crops can be cultivated per 
year. 
The main reason for stagnating production is falling food prices, but since this is unrelated to 
yield potentials, it does not affect results of this study. Although plant breeding continuously 
improves the available genetic stock, yield potential has mainly been affected by modified 
partitioning of the dry matter produced between marketable product and crop residues 
(Austin etal., 1980), but further improvements in this trait are doubtful. Global average hec-
tare yields of cereal crops have not increased over the past years, and top yields at experimen-
tal farms have not really increased for decades (Pinstrup-Andersen, 1994; Brown and Kane, 
1994; Yoshida etal., 1972). The stagnation of top yields is an important issue that is being ad-
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dressed (IRRI, 1989,1993). Fortunately, recent indications are that inability to reproduce previ-
ous record yields was only a temporary set-back, caused by the fact that soil and crop envi-
ronment changed much more than was anticipated (kropff etal., 1993), and hence that higher 
yield potentials may be possible if breeding efforts are successful. At the International Rice 
Research Institute in the Philippines, for example, the breeding effort aims at a rice variety 
with a yield potential of about 151 ha"1 (compared to the current level of about 111 ha"1), 
using 50% less fertilizer and suitable for saline conditions (IRRI, 1993). Also in another study 
(Penning de Vries, 1991) it was concluded that maximum rice yields must be obtained, and 
ceiling yields increased, to satisfy China's 2020 food demand. Advanced breeding practices 
could also focus on drought and pest resistant crops (Gasser and Fraley, 1989). Such improved 
material may become available within the time period explored in this study, but because of 
the speculative character of these developments, they have not been included. 
We did not address effects of global climate change or soil because of lack of sufficiently reli-
able information. Photosynthesis rates and yield levels are positively correlated with the car-
bon dioxide concentration in the atmosphere, and elevated levels of carbon dioxide in the air 
stimulate the growth of plants. Especially in greenhouses, this has been known for nearly two 
centuries (Wittier, 1986). Within 50 years, the concentration of carbon dioxide in the air is as-
sumed to increase with a third, and measurements of photosynthesis rates suggest that this 
might increase photosynthesis and perhaps crop growth some 10% for wheat and 5% for 
maize (Waggoner, 1993; Akita and Moss, 1973). 
8.3.2 Absolute maximum world food production 
The attainable maximum world food production (Section 7.2.1) can be compared with the ab-
solute maximum world food production, i.e. the production volume that could be realized if 
there were absolutely no limitations to water availability, and all cropping land could be fully 
irrigated (we still make a difference between land suitable for arable farming and grassland 
only). For HEI systems, maximum production would increase from 72 Gt to over 84 Gt, and for 
LEI systems from 31 Gt to 32 Gt (Appendix J). Excluding storage and transport losses would in-
crease these production levels 10%. The productions levels for the LEI system are nearly equal, 
which is due to the fact that production levels in the LEI system are mainly determined by N-
limitation instead of water-limitation, so that nearly al crop land can already be irrigated. 
Table 8.2 gives the theoretical maximum number of people that could be fed, for the three di-
ets and for the attainable maximum and the absolute maximum production, if there were no 
limitations in the distribution and transport of food in and among regions, i.e. a global food 
supply/demand ratio equal 1 would be sufficient to ensure food security at the household 
level. This outlook is very optimistic. For comparison, currently, the world population is about 
5.5 billion people, of which 1 billion is hungry. 
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Table 8.2 Number of people (10^) that could be fed, with the three diets and the attainable maxi-
mum and the absolute maximum production, for both production systems, assuming no 
limitations in the distribution and transport of food in and among regions (thus, ratio food 
supply/demand = 1). 
HEI 
LEI 
Vegetarian diet 
Attn. max. Abs. max. 
152 177 
65 67 
Moderate diet 
Attn. max. Abs. max. 
82 96 
35 36 
Affluent diet 
Attn. max. Abs. max 
47 55 
20 21 
8.3.3 Is the comparison food supply/demand fair? 
An important remark should be made regarding the comparison of the food supply and food 
demand that was made in the Subsections 7.3.2, 7.4.2, and 8.3.2. In those analyses it has not 
been taken into account whether the composition (in terms of fraction plant and animal 
products) of the food supply agrees with the composition of the food demand. If the diet 
comprises a fraction x of plant products and a fraction y of animal products, crop production 
(food) and grassland production (feed) should also be a fraction x and y, respectively, of the 
total supply. Otherwise supply and demand do not agree, and there is either a shortage of 
plant products or of animal products. 
Table 8.3 Composition of the three diets in fractions plants and animal products, and the maximum 
production of both farming systems, in fractions crop production (food) and grassland 
production (feed). All fractions are global averages. 
plant products - food prd. 
animal products - feed prd. 
Diet 
vegetarian 
0.79 
0.21 
moderate 
0.39 
0.61 
affluent 
0.27 
0.73 
Max. production 
HEI LEI 
0.40 0.52 
0.60 0.48 
Table 8.3 gives the composition of the three diets in fractions plant and animal products, and 
the maximum production of both farming systems in fractions food and feed production. The 
fractions in the HEI system should be compared with the fractions of a moderate-affluent diet, 
and those in the LEI system with a vegetarian-moderate diet (Subsection 7.3.2). The HEl pro-
duction fractions nearly equal the demand fractions of the moderate diet. For an affluent diet, 
too much food is produced and not enough feed, but a shift in the direction of more grassland 
is no problem (soil suitability is no problem). 
The LEI production fractions are between the demand fractions of the vegetarian and the 
moderate diet. For a moderate diet, too much food is produced and not enough feed, but 
some crop land can replaced by grassland. For a vegetarian diet, however, food production is 
too low, and cannot increase any more as it is not possible to replace grassland by crop land 
because of the higher soil suitability requirements for crop land. 
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From this reasoning it can be concluded that, independently of the type of production system 
that will be actually practiced in the future, food supply (food+feed production) and food de-
mand match best with a moderate diet. Unfortunately, this optimum situation is not realistic 
for some regions. For example, for India (part of Southern Asia), where a considerable propor-
tion of the population is vegetarian, or for Western Europe and North America, where the 
population has a rather affluent consumption pattern. 
From the optimum situation, a shift towards an more expensive diet decreases the total num-
ber of people that can be fed. Moreover, the shift causes a (unusable) surplus of plant prod-
ucts, which makes the food security situation worse too. This is a double negative effect. A 
shift towards a less expensive diet increases the total number of people that can be fed. On 
the other hand, a (unusable) surplus of animal products arises then, which decreases the num-
ber of people that can be fed. This are a positive and a negative effect, which (partly) compen-
sate each other. Thus, the values for both the vegetarian and the affluent diet in Tables 7.3 
and 8.2 should be lower than indicated. Those for the moderate diet are correct. 
8.3.4 Alternative sources of food 
In the present study, only food production associated with agricultural land use has been con-
sidered. Of course, part of the required food may be 'harvested' from the water, especially in 
terms of protein requirements. Aquaculture of fish and shrimps provides possibilities to pro-
duce food from plant biomass, crop residues and waste (ICLARM, 1992). It might be considered 
that introduction of animals into 'integrated' production systems (plant/animal mixtures) could 
lead to valorization of food materials, and to more efficient recycling of nutrients. 
However, in terms of inputs, sustainable production of fish protein also requires nutrients. To 
what extent in this case use can be made of 'natural sources' has not been analyzed, but also 
here the production of animal protein is less 'efficient' than that of plant protein. Seafood is 
unlikely to become more important, in absolute quantities, as its catch is already close to its 
global ceiling (WRI, 1994). Abiotic ways of producing food have not emerged. 
A completely other way of food production is mentioned by Heilig (1993): synthetic food pro-
duction. A big step towards synthetic food production was recently made in Japan, when 12 
'lettuce factories" started business. The production sites are so-called "clean rooms": hermeti-
cally isolated and sterilized chambers that prevent the introduction of fungi, insects and crop 
diseases. There is no soil, rainfall or sun. The lettuce is grown on a synthetic fibres, the roots 
are automatically sprayed with fertilizer-enriched water, radiation energy is applied by special 
electric lights. Lettuce output is much higher than that under natural cultivation. A large pro-
portion of the tomatoes, cucumbers and other vegetables we eat in Europe are already pro-
duced in a similar way in high-tech greenhouses of the Netherlands. Such production tech-
niques could indeed increase world food production, although to a very limited extent. It is, 
however, highly questionable whether those production techniques are economically and 
energy-technically possible, and can be set up at large scale. 
8.4 Water demand and availability 
(Source: Delft Hydraulics, 1992). 
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8.4.1 Priority setting in water allocation 
Priority setting in the allocation of available water to the various users has been such in the 
calculations, that domestic and industrial water demands were always met before any water 
was allocated to agriculture. It is therefore justified to assume that the requirements of house-
holds and industry can be met without difficulty in each of the regions and river basins, under 
any of the distinguished scenarios. 
The amounts of water needed for domestic and industrial use depend on the population size. 
The increasing world population leads to an ever increasing demand for water in the domestic 
and industrial sectors, thus reducing availability of water for agricultural purposes. However, 
as the domestic and industrial water demands are very low compared to the available river 
flows, this effect is so small that the amount of water available for irrigated agriculture only 
marginally changes, and therefore it has not been taken into account in this study. 
A much higher proportion of the wastewater from urban and industrial use could be recycled 
and used for irrigation. That would require investments in wastewater treatment plants. At 
the source more 'environment-oriented' production techniques could be applied, to avoid con-
tamination of wastewater with potentially harmful components, such as heavy metals and 
phosphates, that could threaten the sustainability of agricultural land use, and require addi-
tional costs to clean the water. 
8.4.2 Water quality as a limiting factor in water use 
Water use is determined not only by the quantity needed for a given purpose, but also by the 
requirements for a certain quality of the water. Such quality is generally described through a 
set of characteristics, that cover the major chemical constituents of the water as well as its 
physical, chemical and biological properties. 
Microbiological aspects and hygienic acceptability are by far the most important requirements 
related to human consumption and other domestic uses. Moreover, a number of inorganic and 
organic substances, like nitrates, fluorides, heavy metals and organic micro-pollutants are 
known to have a detrimental impact on human health. Treatment processes available today 
allow far-reaching elimination of undesirable substances, in some places even seawater is 
desalinated for use as domestic water supply. For practical reasons, however, there are limits 
within which common treatment processes can function properly and produce drinking water 
that meets the standards. Some 25 percent of the population in the European Community is 
already drinking water with a nitrate level exceeding the recommended maximum (Gardner, 
1990; Goossensen and Meeuwissen, 1990) 
Water quality requirements for irrigation can be discussed in terms of suspended solids (silt), 
dissolved salts and domestic and industrial wastes. High silt contents of river water may reduce 
the life-time of reservoirs by sedimentation and increase the maintenance costs of canals and 
control structures. On the other hand, silt is a source of nutrients for plants. General criteria for 
suspended solids are not available. 
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A Total Dissolved Salts (TDS) content of less than 450 mg I"1 causes no restrictions to use in ag-
riculture. TDS values between 450 and 2000 mg I"1 imply slight to moderate restrictions to use, 
whereas water with a TDS of over 2000 mg I"1 should not be used. In situations where water is 
scarce, there will be a tendency to use more saline groundwater for irrigation. Since more salt 
tolerant varieties have been developed recently, such practices may be effective. Farmstead 
use of water should normally follow the standards of drinking water quality. For livestock and 
poultry, water of higher salinity can also be used. 
Water polluted by industrial wastes that are injurious to growing plants may not be suitable 
for irrigation purposes. For example, sodium, chloride and boron cause ion toxicity on sensitive 
plants. The main problem related to agricultural use of domestic waste water is that patho-
genic agents in the water may be a threat to human health. However, FAO (1991a) has an 
optimistic view on the use of wastewater, a simple treatment in settling and stabilisation 
ponds is thought to reduce the health risk considerably. Advantages of using industrial and 
domestic waste water in agriculture are that they are commonly rich in plant nutrients. 
Furthermore, it is generally assumed that increased awareness will in most countries lead to 
enforceable legislation to avoid situations in which excessive pollution makes re-use of the 
wastewater impossible. 
In industry, water is used for a variety of purposes, ranging from mere cooling to transport of 
raw material, cleaning or as a source for heating and power production. Water quality re-
quirements are equally wide and continuously changing in accordance with technological de-
velopments. Cooling water constitutes by far the largest quantitative use, but it also demands 
the least stringent water quality. Industry often uses its own water supply system, including 
pretreatment if necessary and in principle almost any water source can be brought up to the 
quality standards required. 
8.4.3 Irrigation techniques and efficiency 
The concept of a 50% irrigation efficiency (Paragraph 5.2.4.2.) is an essential assumption in this 
study, and should be applied in measures that are available for improving water availability 
and irrigation systems. Many methods, techniques and materials exist for applying irrigation 
water to the fields, e.g. gravity irrigation, sprinkler irrigation, trickle irrigation and subsurface 
irrigation. Which techniques and methods to apply, depends on (i) the source of the irrigation 
water, either flowing water (river runoff), stagnant water (reservoirs) or groundwater (not 
considered in this study), and (ii) land conditions, and (iii) costs. 
When flowing water is available, commonly gravity irrigation is applied for basin or furrow 
irrigation. Application of water from reservoirs often requires a combination of gravity and 
pumps to bring irrigation water to the fields. Usually the main system is worked by gravity, 
whereas pumps are used locally on individual holdings or in more elevated parts of the 
scheme. The use of sub-surface water almost always requires a mechanism to lift the water 
to the surface. 
The requirements of the various methods with respect to the land conditions vary. Gravity irri-
gation requires sufficient gradients to allow flow of water to the field and sufficiently level 
fields or embankments for the application of the water. Sprinkler and trickle irrigation are less 
dependent on the gradient, but require high investments and maintenance costs in pumps and 
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other technology, and current application is therefore exclusively in 'high-value' products like 
fruits and vegetables. Subsurface irrigation can only be applied on level fields with permeable 
soils. 
More water is usually lost from the water intake to the field in gravity irrigation systems than 
in other systems. Wind drift and evaporation during application may cause considerable losses 
during application of sprinkler irrigation. Sub-surface irrigation has no evaporation losses, but 
seepage may occur. Losses in trickle irrigation systems are commonly very limited. Moreover, 
the amount of water applied can be better controlled in sprinkler and trickle irrigation systems 
than in gravity and sub-surface irrigation systems. Trickle and sprinkler irrigation systems, 
therefore, exhibit higher efficiencies than other irrigation systems. 
Establishment of gravity or sub-surface irrigation systems is a major land improvement, but 
requires continuous management and maintenance and an efficient over-all organisation. 
Sprinkler and trickle irrigation systems need less permanent land improvements. Application of 
trickle irrigation may reduce both total water use and the risk of salinisation. 
8.4.4 Minimum flow requirements for salinity control 
The use of water in a river basin for agricultural purposes is constrained by several factors, one 
of which is the control of salt water intrusion. When the river has an open connection to the 
sea, a certain minimum discharge is required to avoid excessive intrusion of sea water in the 
river mouth. The fraction of the flow required for this purpose depends of course on local cir-
cumstances. We have applied a 25% irrigation water return flow, thought to be sufficient to 
prevent salt water intrusions in the lower reaches of the rivers and to maintain the ecological 
functions of the river systems and (Subsections 5.2.4 and 5.2.5). Three examples of salinity 
control are given now. 
In the Netherlands, the river Rhine has an open connection to the sea through the shipping 
canal of Rotterdam. A relatively large flow is required on one hand because the shipping canal 
and the associated harbours are deep (up to 27 m compared to a natural river depth of about 
5 m); on the other hand because the water quality requirements are high. The accepted in-
crease in salinity for water used in agriculture is 200 mg H . The long-term average discharge 
at the German border amounts to 2,200 m3 s"^. The desired minimum discharge to meet the 
quality requirements at the intake points is 600 m 3 s*1 for the shipping canal and an addi-
tional 200 m3 s"1 for flushing of the low-lying polders in the coastal zone. 
The Mekong Delta in Vietnam is marked by a quite different situation. The average discharge 
of the Mekong river at the Cambodian border amounts to 13,600 m3 s"1; the minimum dis-
charge equals 2,000 m3 s"1 in the month of April. Water quality is considered acceptable for 
irrigation if the salinity is below 4,000 mg I"1. In the present situation, the consumptive use for 
irrigation amounts to 400 m3 s"1, and a zone of some 50 km from the coast is affected by salin-
ity. If consumptive use would increase to 800 m3 s"1, the salt water intrusion will affect an ad-
ditional zone of some 10 km, but the present intake points will remain suitable. If consumptive 
use for irrigation would be further increased, extreme salinisation problems are expected in 
one of the main branches (Vaico) and the only realistic solution would be to cut it off from the 
sea. 
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The delta of the Indus in Pakistan presents a third example. The most downstream barrage, at 
the top of the delta, is located at Kotri. Mean annual discharge at Kotri reduced from about 
3,000 m3 s"1 in the period 1930 -1960 to some 1,500 m3 s"1 after 1960, as a result of develop-
ment of large scale irrigation projects including reservoirs and river training works. The dis-
charge in the dry period (October - June) has decreased to below 700 m3 s'^and strong effects 
are being observed, in particular in the mangrove belt. It is feared that further increased diver-
sions by the provinces upstream of Kotri will cause further salt water intrusion, higher salt 
levels in the delta creeks, changes in the geomorphology of the delta and changes in the nu-
trient balance of the ecosystem. 
8.4.5 The role of storage basins 
The use of surface water is often constrained by seasonal and climatic variability of river run-
off. Irrigation demands generally coincide with periods of low flow, whereas flooding may 
cause severe problems in the rainy season. Storage basins may help to regulate the river flow 
and to alleviate water shortages during the year: they store water in periods of surplus that 
can be used to supplement the natural flow in times of scarcity. Multipurpose dams, combin-
ing provision of irrigation water with, for example, hydropower production or flood control 
are also possible. 
More than 30,000 water storage basins have been built around the world, 75% of these in the 
past 35 years. These basins have an average capacity of 0.2 km3 and their total area occupies 
over 400,000 km2, an area the size of Norway. The largest storage basins in the world are 
found in Africa. To mention a few: Lake Victoria has a total volume of 200 km3 and the surface 
water area, including the lake is 76,000 km2; Lake Nasser has a storage of 130 km3. 
In the former USSR, more than 1,250 storage reservoirs have been built. The Volga, Kama, 
Dnepr, Yenisei and other large rivers have been harnessed into cascades of storage basins. In 
Morocco, the national masterplan comprises construction of one large reservoir per year until 
the year 2020. By that time, 90% of the flow of the main rivers Sebou, Bou Regreg and Oum-
Er-Rbia will be regulated. 
The increasing demand for water supply, flow regulation and hydropower generation may 
stimulate the continuation of the high rate of reservoir construction. Construction of large res-
ervoirs has, however, also negative sides. In the first place, the reservoir occupies a certain 
area, that is lost for other uses like human settlement, agriculture or nature. Secondly, reser-
voirs interfere in the hydrological cycle and dramatic effects may occur in the downstream part 
of the river basin: changes in micro-climate, reduced of aquifer recharge, morphological 
changes and ecological effects. Last but not least, evaporation losses from reservoirs are con-
siderable. According to estimates by the Institute of Geography of the Soviet Academy of 
Sciences, about 240 km3 evaporates from storage basins annually. The former USSR (38 
km3 yr"1), the USA (35 km3 yr"1) and Canada account for over 40% of this loss. In arid coun-
tries like Yemen, evaporation losses may even become prohibitive for the use of surface water 
reservoirs and artificial recharge of groundwater may be a better solution. 
Delft Hydraulics (1992) has investigated the usefulness of such reservoirs. For each basin water 
availability (Appendix I), irrigation water use and the percentage of the available water used 
by irrigation were calculated. They concluded that reservoir construction is possible and 
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meaningful in 34 of the 105 river basins. Although reservoir construction alleviates part of the 
water limitation to food production, it is by no means a complete answer to the problem. 
8.4.6 Social and environmental impacts of large dams 
Reservoir construction is often considered as the key to a country's economic growth through 
supplying hydroelectric power and permitting industrialised cash-crop agriculture. Quite often 
they are considered symbols of modernity and progress. For example, Jawaharlal Nehru re-
ferred to large dams as the "temples of modern India". However, the technology on which all 
this faith is based and that requires very high investments in not yet proven, the majority of all 
large dams has been completed only in the last 25 years and their impacts are still not fully 
known. 
We do know that large dams have an enormous impact on the environment directly by im-
pounding valleys upstream, indirectly by changing riparian, estuarine and coastal ecosystems 
in the downstream reaches of the river, up to hundreds of kilometres downstream of the dam 
site. Large dams may completely change the social life of a country, destroy traditional indige-
nous cultures and accelerate the change to a cash economy centred on cities. It may therefore 
more advisable to construct a large number of small storage reservoirs instead of a limited 
number of large reservoirs. 
The investments for these projects are usually very high. Poor developing countries sometimes 
spend a considerable proportion of their total annual public works budget on a single dam. 
Such enormous investments in one particular technology imply that investments in other, less 
spectacular but more sustainable strategies, like watershed management or the prevention of 
desertification, may be impossible. 
8.4.7 International competition for water 
Water, as a scarce natural resource, may provoke conflicts between users within and between 
countries. Such conflicts may relate to both water quantity and quality. The problem of up-
stream-downstream competition for water is already at present a serious one. According to the 
Register of International Rivers (United Nations, 1978) about 50 countries have 75% of their 
national territory falling within international river basins. At least 214 river basins are multi-
national, 155 of these are shared by two countries, 36 among three countries, and the remain-
ing 23 basins among 4 to 12 countries. 
In humid regions conflicts are usually related to water pollution or the environmental impacts 
of reservoir construction projects. Examples are the discharge of waste salts in the river Rhine 
in the Alsac region of France, or the discharge of waste chemicals in the river Maas in industrial 
regions in Belgium, causing a dispute with the Netherlands, which has not been solved in 25 
years of negotiation. In arid areas, disputes are generally induced by water shortages in the 
dry season. Sometimes the downstream countries depend on the upstream countries not only 
for water itself, but also for water storage and flow-control facilities, as is the case in Egypt 
and Bangladesh. 
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The potential for dispute, and in the long run also for armed conflict, increases with the 
growing importance of water for the satisfaction of economic and social needs. Until the 
middle of this century, most conflicts were related to small scale uses, but presently the ability 
to carry out large storage and diversion projects may result in the destruction of the natural 
environment and famine in downstream countries. The competition for water will be strongest 
in regions with a water shortage where countries with a rapidly increasing population try to 
be self-sufficient in food production and are therefore dependent on irrigation, a measure 
which increasingly reduces the water resources of downstream countries. 
The regions that seem most prone to future competition over water are Africa, the Middle East 
and South Asia. In these regions the following multinational rivers may become a source of 
conflict: the Nile, Zambezi, Niger, Senegal and perhaps Medjerda Rivers in Africa, the Jordan 
and Euphrates Rivers in the Middle East, and the Ganges, Brahmaputra and perhaps Mekong 
Rivers in Asia. 
8.5 Environmental impact and sustainability 
8.5.1 Nitrogen leaching and biocide use 
8.5.1.1 Nitrogen leaching 
The environmental impact of agriculture has only been treated superficially in this study. The 
main indicator for environmental impact that has been used is nitrogen leaching. Under irri-
gated production, and to a less extent water-limited production, the maximum acceptable ni-
trogen leaching is exceeded in the majority of the production regions. It should be realized, 
however, that this criterion combines two aspects: the amount of nitrogen leached beyond the 
potential rooting zone, and the precipitation surplus which determines the concentration. As a 
result, regions with a relatively high precipitation surplus appear relatively favourably in the 
final analysis, despite the fact that considerable amounts of N may be leached. This is illus-
trated by the fact that leaching per unit product shows a different picture. Hence, in defining 
the most desirable production systems, the better criterion should be defined. If efficiency of 
input utilization is the major criterion, different production techniques may emerge, than 
when N loss per unit area is the main criterion. 
Nitrogen leaching in the LEI system appears in many cases not much lower than in the HEI sys-
tem, which is in contrast with the claim that biological production systems are less environ-
mentally harmful. This is due to two aspects. First, nitrogen supply and demand are more un-
favourably synchronized in the LEI system, and external inputs are therefore less efficiently 
utilized. An important research issue is, therefore, whether new technologies can significantly 
reduce nitrogen losses for LEI systems with organic fertilizers. The new technique "farming by 
soil" (Verhagen et al., 1995) is promising. Secondly, nitrogen recovery of organic fertilizer has 
been set at 0.67 of that of chemical fertilizer, which is sometimes claimed to be an underesti-
mate of their efficiency, resulting in overestimation of leaching losses. 
The production systems defined in this study assume steady state conditions and sustainable 
land use. One of the conditions imposed in this study is that nitrogen reserves in the soil 
should remain constant in the long run. Experimental results from biological systems, indeed, 
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indicate low soil nitrogen losses. However, a quantitative analysis of the nitrogen balance 
shows that considerable amounts of nitrogen accumulate in the soil (Wijnands, 1988; Buys, 
1991), but as accumulation cannot continue indefinitely, leaching losses can be expected to 
increase in time. 
Other sources of nitrogen loss to the environment originating from the agricultural production 
process have not been taken into account. Firstly, volatilization of ammonia is a major con-
tributor to acid rain. Relatively large quantities volatilize annually, mainly associated with very 
intensive animal production techniques, causing losses from stables, manure storage, and ap-
plication of manure to crops. Under the 'best technical means', assumed in this study, the 
quantities applied are assumed to be governed by crop demand, rather than the necessity to 
'get rid' of the surplus manure. Modern, high investment, and labour consuming application 
techniques are assumed, that lead to substantial reductions in losses (Brandjes et al., 1995). 
Results of current research on collection and storage techniques suggest that in these processes 
substantial reductions in volatilization losses may be achieved. Investments associated with 
these techniques have to be estimated for a more detailed analysis of the problem and its pos-
sible solutions. Secondly, methane production during cultivation of rice and production in 
animal production systems contributes to the greenhouse effect. Quantification of these losses 
is still difficult at the moment, as research on the subject has started only recently, hence also 
the possibilities for reductions have not been elaborated. 
8.5.1.2 Biocide use 
A major environmental impact of agricultural activities derives from the use of biocides. This is 
sufficiently clearly illustrated by recent analyses of agriculture in high-intensity areas like 
Western Europe, and the recommendations for sustainability in these regions (Anonymous, 
1990). The impact of biocide use on the environment is difficult to quantify. In this study, the 
amount of 'active ingredient' in kg ha'tyr1. has been applied as a criterion, which may not 
necessarily represent environmental impact, as factors like toxicity, mobility, persistence, and 
effects of residues are not taken into account. In the framework of this study these various as-
pects could not be taken into account because of lack of information, hence in subsequent 
analyses more detail should be introduced. A serious restriction in this respect is that in many 
cases the criteria used forjudging the environmental impact are based on the accuracy of 
analytical methods (i.e. the 'detection threshold'), rather than on quantified and well-based 
risks for human and/or environmental health. 
8.5.1.3 Future criteria 
An urgent need exists for further formulation and operationalization of criteria for environ-
mental impact, in such a way, that the consequences of different production techniques - in 
different studies - can be compared. Moreover, the assumption of application of 'best techni-
cal means' in this study assumes absence of negative effects of the applied production tech-
niques on environmental parameters (e.g. soil quality) and human beings (e.g. human health), 
which in the not the case in reality. Another major point that needs attention in this respect is 
the relation between criteria for environmental impact and the spatial scale to which they ap-
ply. At individual field level, criteria will be different than at regional level, but unfortunately, 
consistent techniques for (dis)aggregation are not available at the moment. 
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8.5.2 Land degradation due to waterlogging and salinisation 
In ecological, as well as technical and economic terms, large scale irrigation provides many op-
portunities, but also many problems. Waterlogging, as a result of restricted downward flow of 
irrigation water through the crop root zone, may cause accumulation of salts on the soil sur-
face. The main reasons for these waterlogging and salinisation problems are lack of drainage 
facilities or inadequate drainage, excessive seepage from main and tertiary canals and exces-
sive water use by farmers. A typical annual water use of 12000 m^ ha"^ yr"1 and an acceptable 
salinity level of the irrigation water of 300 mg H , implies that some 3.6 ton salt per ha per 
year may accumulate if drainage is insufficient. 
Increased salinity as a result of irrigated agriculture can be considered an acute regional prob-
lem, largely restricted to the arid and semi-arid areas of the world. It is estimated that of the 
217 million hectares presently irrigated, 60-80 million ha are affected to some extent and 20-30 
million ha are severely affected. Salinity and waterlogging caused by irrigated agriculture re-
sults in land going out of production at a rate of 30 to 50% of the rate at which new land is 
being brought under irrigation. 
In principle, measures are available to avoid salinity and waterlogging. The use of micro-irri-
gation techniques strongly reduces infiltration and hence the problem of rising water levels. 
Their effectiveness as a preventive measure against waterlogging has been shown in countries 
where they have been adopted extensively, like Israel. Where waterlogging and salinity are 
already a problem, more efficient irrigation in itself is not sufficient as a remedial measure. 
Instead, leaching out the salts by excess irrigation combined with effective and rapid down-
ward drainage, is required. Chemical treatment of the soil may also be necessary. 
Combating salinity by leaching with excess irrigation water may push the salinity problem fur-
ther along the hydrological cycle, the saline drainage water may deteriorate the underlying 
groundwater or, when disposed in rivers, cause serious water quality problems. Therefore, 
often a combination of measures is required and truly comprehensive and effective drainage 
measures may only be possible where the effluent can be released into the sea or treated in a 
désalinisation plant. Effective management of waterlogging and salinisation requires political 
will, highly developed institutional arrangements, and enormous financial resources. 
8.5.3 Land degradation due to deforestation 
Food shortages in Africa and South East Asia are often attributed to catastrophes like droughts 
and flooding, which are related to the human-induced processes of devegetation and defores-
tation. A considerable land area needs to be taken into production, implying that deforesta-
tion will be necessary and soil erosion rates increase. Soil erosion not only changes the pro-
duction capacity of the soils and reduces the storage capacity of reservoirs, sometimes at an 
alarming rate, but also influences the hydrological behaviour of a river basin. 
Deforestation has an impact on the hydrological behaviour of a watershed, not only the 
streamflow quantity changes, but also the timing and distribution of that streamflow. Stream-
flow quantity usually increases at a rate proportional to the reduction in forest cover over the 
catchment (Lai, 1985). At the same time the distribution of the streamflow over peak flow and 
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base flow changes. Discharge peaks become higher and occur sooner after the onset of the 
rainfall, while base flows, and hence water availability in the dry season is reduced. Decreased 
évapotranspiration losses and changes in soil properties, mainly related to infiltration capacity 
and water retention properties, explain these changes. Commonly, the percentage river 
discharge which can be used for irrigation purposes decreases with increasing erosion rates. 
Over-utilization of the land, and unsuitable tillage and irrigation practices can degrade the 
land and aggravate soil erosion and soil loss. Soil degradation encompasses soil acidification, 
salinisation, desertification, etc. The productive top-soil is removed and soil-production capac-
ity deteriorates, landslides and gullies reduce the area of productive land and may damage 
roads and buildings. Increased sediment loads of the rivers result in eutrophication and silting 
up of reservoirs and irrigation systems. In recent studies of the International Soil Reference and 
Information Centre (Oldeman etal., 1991) and the World Resources Institute (WRI, 1992), it 
was concluded that a substantial proportion (about 20 % on global scale, varying from about 6 
% for North America to roughly 33% for Africa) of the agriculturally suitable land at the mo-
ment is already affected to a less or greater degree by human-induced degradation processes. 
This does not mean that the soils are completely lost for agriculture, but that their natural 
fertility is more or less diminished. WRR (1992) showed that 40-70% of the land in the EC, 
currently classified as 'suitable', is likely to be taken out of production over the next decades. 
Locally, this decrease may even be more dramatic. Margrath and Arens (1989), for example, 
estimated the average annual productivity loss of upland areas on the island of Java 
(Indonesia) at 4.4%. 
A more detailed analysis is necessary to explore the degradation of land currently used for 
production, and the possible investments it would require to 'regenerate' these soils. Soils can 
even degrade to such an extent that artificial fertilization and soil management techniques 
cannot repair the damage any more. To prevent soils from (further) degradation, appropriate 
soil conservation techniques like terracing, contouring, strip cropping and reforestation can be 
used. These techniques are available, and a study in Indonesia by Delft Hydraulics (1989) 
showed that the economic benefits of an extensive soil conservation programme are in the 
same order of magnitude as the costs involved, even without taking the intangible benefits of 
flood control and increased low flows into account. 
8.6 Other restrictions to food production and distri-
bution 
The earth's carrying capacity in the next centuries will not only be a matter of sufficient natu-
ral resources and available technology, but is also a matter of other factors, such as ecological 
constraints, political decisions and economic barriers, and social and cultural conditions (Heilig, 
1993). Current estimates of global carrying capacity usually ignore these dimensions, but they 
may become necessary in further studies. 
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8.6.1 Ecological constraints 
8.6.1.1 Reduction in natural ecological systems 
As agriculture, livestock production, and the world's population are imbedded in a natural 
environment, several ecological constraints and feedback mechanisms should be taken into ac-
count. The continuously growing number of people on earth, correlated spread of human set-
tlements, increase in infrastructures and industries, expansion of agricultural land, and increase 
in the catch of fish, will further reduce the living space of other species, and the biodiversity in 
fauna and flora. Protection of the biodiversity is frequently considered a limiting factor for in-
creased food production (Chen, 1990). World-wide management plans should be made in or-
der to effectively protect the planet's ecological systems. 
8.6.1.2 Climate change 
A significant proportion of our environment cannot be utilized for agriculture or livestock 
production, because it has vital functions in stabilizing the climate. No doubt, there are links 
between climate change and agricultural production, but it is also obvious that these links are 
not just simple one-way causations. They work through a complex system of intermediate vari-
ables, which can modify their strengths and turn around from positive to negative (Heilig, 
1993). 
Primarily due to expansion of industry and intensive livestock activities, the carbon dioxide 
concentration in the atmosphere will further increase during the next decades, changing cli-
mate and photosynthesis rates. Cutting down tropical rain forests for agricultural expansion 
could also trigger or speed up climate change. Climate changes could result in global warming, 
which has an impact on - besides photosynthesis rate - the sea water level (melting polar ice), 
river flow and runoff, availability of water for irrigation, and precipitation characteristics. In 
this study, we have neglected the possible effects of climate change, not in the least because 
some authors (cf. Goudriaan and Unsworth, 1990; Reifsnyder, 1989) indicate that these effects 
on agriculture over the next decades will be small compared to the effects of changes in tech-
nology and economy. 
The National Institute of Public Health and Environmental Protection (RIVM) in the 
Netherlands, is developing the Integrated Model to Asses the Greenhouse Effect (IMAGE 2.0), 
to simulate global society-biosphere-climate system and to evaluate consequences of climate 
change (Alcamo et al., 1994; Leemans, 1992; Leemans and Van den Born, 1994). 
8.6.2 Economic and political barriers 
8.6.2.1 International trade and transport of products 
Under both production system, the distribution of potential food production and food de-
mand does not match. In some of the regions potentially a large surplus of food production 
exists, while other regions have substantial deficits. This also holds for the external inputs, 
required to create optimum production situations at the production sites. This would suggest, 
that even if at world scale sufficient food can be produced, global food security will require 
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substantial redistribution of external inputs and food products around the world. That re-
quires an economic environment that is conducive to international trade between agricultural 
products and industrially produced means of production, shows a high degree of international 
solidarity, and provides excellent facilities for large-scale transport of products. Some studies 
have developed complex models that take into account prices and international trade, but 
their methodology and assumptions are debatable (Parikh etal., 1988). 
In many cases, the current situation is such that the price of agricultural products, forming the 
basis for the food supply of the urban population, is artificially kept at low levels, to protect 
the power base of the local decision-makers, while concurrently the price of external inputs is 
high, because they have to be imported, which adds substantial transportation costs for these 
generally bulky materials, and thus carry a heavy load of scarce foreign exchange. Moreover, if 
these products are available relatively cheap through for instance aid programs, farm gate 
prices may still be high through levies by the local government, using these commodities as a 
source of money. International agencies and donors have for a long time tried to modify the 
terms of trade by subsidizing the means of production. Apart from the fact that this adds to 
the distortion of the global trade system, it provides local governments with possibilities to 
manipulate, as suggested earlier. A change in terms of trade may require world scale agree-
ments between producers on both sides (e.g. the General Agreement on Tariffs and Trade). 
8.6.2.2 False economic policy and corruption 
Stagnation of agricultural production in some developing countries appears closely related to 
the notorious inefficiency, massive corruption, unbelievable incompetence, and ideological 
blindness of political leaders and their administration. Many incompetent regimes in Africa 
applied a centrally planned command economy to their pre-industrial society, eliminating tra-
ditional market mechanisms by fixing food prices at very low levels to appease urban masses 
(Bale, 1981). They collectivized most of the fertile land (as in Ethiopia), and forced farmers to 
sell their production to state-owned trade agencies for prices that were close to production 
costs (as in Tanzania). The ideologically legitimized lack of incentives demotivated farmers and 
prevented agricultural modernization (Bates, 1981). In Latin America, military regimes stabi-
lized feudal rural societies and prevented agricultural modernization. Very often these disas-
ters of agricultural policy were associated with a general failure of development policy. The 
political and administrative elites in many developing countries of Africa and Latin America 
did little to modernize infrastructure, neglecting technical education and training, and block-
ing industrial modernization. Huge amounts of development aid were wasted on expensive 
but useless prestige projects or simply vanished to the bank accounts of the small ruling class 
(Heilig, 1993). To increase food production and improve world food security, political controls 
that chain down agricultural production, must be replaced by functioning incentive structures. 
8.6.3 Social and cultural conditions 
Making a person a highly efficient farmer, is not just a case of providing enough land, good 
equipment, seed of high-yielding varieties, sufficient fertilizers and biocides, and agricultural 
training. This technocratic approach ignores the social nature of man. Serious restrictions that 
hinder agricultural modernization and full exploitation of the carrying capacity, are embedded 
into the cultures and societies of some of its people. In some cases these restrictions are volun-
tary and based on ecological considerations and a natural fixed balance of people and land. 
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For instance, in most of Africa, agriculture is considered low-prestige women's work, which is 
part of their household activities. Whenever a man can afford to avoid working in a field, he 
will do so. This traditional disregard of food production is deeply embedded in African men, 
and can be found in development plans and investment decisions of African governments. 
When African governments tried to turn nomadic cattle rangers into settled farmers there 
were bound to fail, because the world's view of this nomadic tribe just did not f it into an 
agricultural society (Heilig, 1993). 
Then there is the problem of social inequality (Heilig, 1993). There is still chronic hunger and 
undernutrition among certain groups of the world population, particularly in African and 
Asian countries, although there is a food surplus in part of these areas. This type of food 
problem can also be observed in highly developed, affluent countries such as the USA. It is a 
problem of distribution and is not directly related to availability of food. Lack of entitlements 
and money to acquire adequate food in the lowest classes of society are the cause of the 
problem. The class and cast structure of some societies also prevents adequate distribution of 
agricultural products. It is frustrating to observe what sometimes happened to food transports 
that were funded by international development aid. Sometimes such transports never reached 
their destination, because they were robbed by groups of criminals, or felt into the hands of a 
few local powerful people. Protection by the armed troops or the United Nations is then re-
quired to protect the food transports. 
Finally, the problem of education must be mentioned. A limitation may arise from widespread 
analphabetism and a lack of agricultural know-how of the people in developing countries. It is 
obvious that not every culture and ethnic group is flexible enough and has the financial and 
technical means to learn better and new ways of food production. 
8.7 Inaccuracies and uncertainties 
8.7.1 Sources of errors 
Three different sources of errors are distinguished: mistakes, inaccuracies and uncertainties. 
Mistakes may be corrected, albeit sometimes in a post-simulation phase. Inaccuracies and 
uncertainties cannot be corrected because of a rigid model structure or because input data 
show a range of values of which the effective average is unknown. Rather than providing the 
end result as single number, implicitly suggesting a high accuracy, it would be better to 
estimate the range of possible values of the output variables due to inaccuracies (Bouman, 
1994). Uncertainties about basic premises are not translated into quantitative terms, because 
we cannot yet attribute in a reasonable manner a prediction or range to them. 
8.7.2 (In)accuracy of the crop-related computations 
Our computations are executed on the basis of current knowledge and insight in crop re-
sponse and growth, water availability and use, nitrogen fixation and use, and on the basis of 
documented data on weather and soil characteristics. Since best technical means have been 
assumed, sub-optimal crop management and use external inputs of have been excluded. The 
model that was used has been tested in various ways and compared with experimental results 
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under many different conditions, and the major components of the model were developed on 
the basis of numerous in-depth studies (e.g. De Wit etal., 1978, Penning de Vries and Van Laar, 
1982; Van Keulen and Seligman, 1987; Penning de Vries etal., 1989). We see therefore no rea-
son to doubt the basic premises underlying the computations. 
However, inaccuracies cannot be avoided. They stem partly from the fact that a simple crop 
growth model was used, that does not allow to simulate all known responses of crop growth, 
soil water and nutrient processes to environmental conditions, but even more from the situ-
ation that we have used many average values of soil and weather data at a rather large scale. 
The following aspects may have introduced inaccuracies in the basic data used and the calcu-
lations performed, although it is hardly possible to give a quantitative estimate of the degree 
of inaccuracy of these aspects. 
- Omitting grid cells with more than 50% sea surface, and assuming that grid cells are so 
uniform that the most prominent soil texture, type, phase and slope within a grid cell was 
assigned to the entire VxV grid cell (Section 3.2). 
- The simple calculation method for the land suitability of the grid cells for arable farming 
and grassland, which calculates overall land suitability on the fractional suitability factors for 
soil type, soil phase and soil slope (Section 4.3 and Subsection 8.2.6) 
- The considerable variability in weather station density over the world (Section 3.1 and 
Subsection 8.2.4). Use of monthly weather data instead of daily data, ussuming that daily 
weather could be derived from monthly averages (while we know this is often incorrect, es-
pecially at the beginning and end of growing seasons (Nonhebel, 1993)). 
- The method to identify potential growing seasons, en the choice of the minimum and ma-
ximum theshold temperatures for crop growth (Sections 4.2 and Subsection 8.2.5). 
- The water availability assessment per river basins and the allocation of available water to 
the grid cells (Subsections 5.3.3 and 5.3.5), and the choice of the irrigation water use effi-
ciency (Subsections 5.2.4 and 8.4.2). 
- The nitrogen balance, especially the nitrogen fixation and nitrogen recovery rates, which 
are especially important to the LEI system (Section 4.5 and Subsections 8.2.9 and 8.2.10). 
We consider the uncertainty and inaccuracy in the nitrogen balance and the land suitability as 
the two most important sources of error in this study. 
8.7.3 (Un)certainty of the results 
There are so many unqual i f ied aspects that contribute to the (un)certainty in the final results, 
which hinders giving a quantitative estimate of this uncertainty. The absolute values of the 
production levels and self-sufficiency indices presented, should therefore be used in a very 
conservative manner. However, relative results, i.e. the comparison of the absolute values of 
different regions, are probably much more reliable, assuming that for all regions the same 
kinds of errors have been made, resulting in identical deviations and uncertainties in the final 
results. Fortunately, it is most likely that these comparisons between regions are most useful in 
the analysis of the results of this study. This gives confidence in the usefulness and applicability 
of a study like this one. In a follow-up study, more attention should be given to deal with un-
certainty in data, crop management parameters, and in calculations procedures, to allow us to 
give an uncertainty estimate. Bouman (1994) shows an interesting approach for this. 
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The model software 
A detailed description of the SIMFOOD model has been designated beyond the scope of this 
report, but besides this report, there is no other (technical) documentation on the model. To 
simplify future use and modification of the model, this chapter briefly explains the directory 
structure of the model and the major data files and FORTRAN programs, and presents a flow 
diagram of the complete model. 
The SIMFOOD model consists of a large number of files (FORTRAN, ASCII data and result files, 
and MS-Excel spreadsheets) which are stored in a several directories. The directory structure of 
the model is given in Figure 9.1, and flow diagrams for the HEI and LEI systems in Figures 9.2 
and 9.3, respectively. The contents and purpose of the files in each directory is explained. 
<simfood> 
WEATHER 
ZONATION 
SOILSUIT-
INITIAL — 
MAIN 
TERMINAL 
SSHEETS 
MAPS 
•SENS3,4,5 
HEI 
LEI 
HEI 
LEI 
HEI 
LEI 
DIVERS 
HEI 
LEI 
PPTCO 
PPT BW 
SENS1,3,4,5 
SENS1,2,3,4,5 
SENS1,3,4,5 
-SENS1,2,3,4,5 
POPULAT 
Figure 9.1 Directory structure of the model SIMFOOD. 
WEATHER 
This directory contains the 978 Müller weather files (mulllrl.000 til l mullr978.000). The names 
of all weather stations names are listed in stations.dat. These files are used in the INITIAL, 
MAIN and TERMINAL sections. 
ZONATION 
This directory contains files that define the zonation in weather zones, countries, and regions. 
For each grid cell (defined by a certain latitude and longitude), the associated country and re-
gion numbers are specified in world.datand the associated weatherstation number in 
gridsort.dat. This file also contains the major soil texture of each grid cell. For each country, 
the associated country number is given in country.dat. Program makegrid.for creates the file 
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gridzone.dat which specifies the latitude, longitude, weather station number, and country and 
region numbers for each grid cell. The total, non-infrastructural land area of each grid cell 
(excl. area occupied by rivers, lakes, roads, cities, etc.) is given in gridarea.dat 
SOILSUIT 
This directory contains files that are needed for the soil suitability calculations. For each grid 
cell, the soil type, soil phase and soil slope are specified in zobler.dat. The calculation of the 
soil suitability is performed by the programs suitabll.for (for arable cropping) and suitabl2.for 
(for grassland). The suitability factors for all soil types, phases and slopes classes are hard-coded 
in these programs. The output files are suitable.grn and suitable.grs, respectively, and specify 
the latitude, longitude, weather station number, the three fractional suitabilities for soil type, 
soil phase and soil slope, and the overall soil suitability for each grid cell. As the grid cells in 
zobler.txt are not in the same order as in gridsort.dat, this file is primarily necessary to write 
the grid cells in suitable.grn and suitable.grs in the same order as in gridsort.dat. This is very 
important as it speeds up the execution of programs in the TERMINAL section, when grid cell 
data from several files are combined. Moreover, gridsort.dat provides the weather station 
numbers associated with each grid cell. Files used for the sensitivity analysis for soil type, soil 
phase and soil slope are stored in the sub-directories SENS3, SENS4, and SENS5, respectively. 
INITIAL 
This directory contains files that are needed to identify potential growing seasons for each 
weather zone, and to create the rerun file for the crop model. Files associated with the HEI 
and LEI systems are stored in separate sub-directories5. Based on weather data in mullrxxx.000 
and temperature constrains in constr.dat (Appendix O), program rerunlei.for (Appendix N) 
identifies growing seasons and writes these to rerunlei.dat. This file contains the starting date 
and the length of each growing season for each weather zone. Program comblei.for combines 
the growing seasons data with grid cell data from gridsort.dat, resulting in comblei.dat. To 
reduce the number of simulation runs required, se/ect/.for selects the unique combinations of 
climate zones, soil type, and starting date of the growing season, and writes these to 
rerunsl.dat. This file contains all unique combinations of (i) latitude, (ii) longitude, (iii) weather 
stations number, (iv) soil type, (v) starting date and (vi) length of growing seasons, and is input 
for the crop model. Program seasonl.for counts the number of growing seasons per weather 
zone in rerunlei.dat and writes that information to seasonl.dat. 
MAIN 
In this directory, potential and water-limited crop yields are calculated by program cereal.for 
(Appendix P) for each rerun that is specified in rerunsl.dat. Files associated with the HEI and LEI 
systems are stored in separate sub-directories. The model also uses weather data, as well as the 
input files plantdat (Appendix Q), soil.dat (Appendix R), and timer.dat (Appendix S). These 
three files are identical for the HEI and LEI systems, except that in plantdat different harvest 
indices can be specified. In timer.dat a parameter can be set to indicate whether the model 
should calculate potential or water-limited yields. Yields, amounts of biomass, and amounts of 
water used are written to results.dat. This file must be renamed to ptprdl.dat (potential yields) 
or wlprdl.dat (water-limited yields). Files for the sensitivity analysis for (i) rooting depth, (ii) 
available nitrogen (only LEI), (iii) soil type, (iv) soil phase and (v) soil slope, are stored in the 
sub-directories SE NSI, SENS26, SENS3, SENS4, and SENSS, respectively. 
5
 Files associated with the LEI system have a 7' in the name, and file associated with the HEI system a 'h'. In this 
section only the LEI names are mentioned. Figures 9.2 and 9.3 specify the different names. 
6 in the HEI directory there is no sub-directory SENS2. as no sensitivity analysis could be performed for available 
nitrogen. 
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TERMINAL 
N-Iimited and N/water-limited yields in the LEI system, N-fertilizer and biocide requirements in 
the HEI system, as well as N-leaching in both systems, are calculated in this directory. Files as-
sociated with the HEI and LEI systems are stored in separate sub-directories. First, the program 
expand.for assigns the unique simulation results in ptprdl.dat and wlprdl.dat to all grid cells 
listed in comblei.dat Overall results are written to ptprdlt.dat and wlprdltdat. Secondly, for 
the LEI system, these result files and the nitrogen use parameters in lplnt.dat (Appendix U), are 
used by program linputfor (Appendix T) to calculate the N-limited {ptinptl.dat) and N/water-
limited (wlinptl.dat) yield levels and N-leaching for each growing season and for each grid cell. 
For the HEI system, N-fertilizer and biocide requirements and N-leaching are calculated by two 
programs, namely hinputptfor (potential yields) and hinputwl.for (water-limited yields). 
Precipitation data from the weather files are used to determine precipitation surplus and defi-
cits in each weather zone, which influence the amount of nitrogen leached. Files for the sensi-
tivity analysis are stored in sub-directories, identically as done in the MAIN directory. 
All data on yields, irrigation water requirements, and fertilizer and biocide requirements can 
now be aggregated for the 15 regions and the world as a whole. For reasons of clearness, the 
aggregation programs ptprd19.for, wlprd19.for (annual production levels), water19.for 
(annual irrigation water requirement), ptbio19.for, wlbio19.for (annual biocide requirements), 
ptfer19.for, and wlfer19. for (annual fertilizer requirements) are given in the OUTPUT section in 
Figures 9.2 and 9.3, but in reality these files are stored in the TERMINAL directory. The aggre-
gation programs also use input files from the INITIAL, SOILSUIT and ZONATION directories. 
Data on availability of irrigation water in each river basin are also used now. Aggregated re-
sults are written to various files named xxx.grn (arable farming) and xxx.grs (grassland). 
The programs ptprdl.for and wlprdl.for (annual production levels), dfprdl.for (difference in 
annual production levels), ptnlmxl.for (annual N-leaching as percentage of maximum), and 
ptnlprl.for (annual N-leaching per unit product) create data files with the extension xxx.000. 
These are used to draw the world maps. 
SSHEETS 
Data from the results files xxx.grn and xxx.grs are finally read in MS-Excel spreadsheets in which 
total food production levels (Appendix J) and the self-sufficiency indices (Appendix K) are cal-
culated for all food supply and food demand scenarios. These results are presented in tables 
and appendices in this report. For the normal calculations the spreadsheet standard.xls has 
been used, and for the sensitivity analysis the spreadsheets senshxls, sens2.xls, sens3.xls, 
sens4.xls and sens5.xls. 
MAPS 
Data from the results files xxx.000 are used to draw the world maps. The sub-directories HEI 
and LEI contain the programs and data files associated with growing seasons, production 
levels, and N-leaching in the HEI and LEI systems, respectively, and sub-directory DIVERS 
programs and data files associated with other characteristics on world scale, like the soil 
texture, soil suitability, weather zones, and zonation in 15 zones. Maps are stored as MS-
Powerpoint files in the subdirectories PPT_CO (colour maps) and PPT_BW (black/white maps). 
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POPULAT 
The file populat.doc in this directory contains the 2040 population estimates for each country, 
for the low, medium an dhigh growth scenarios. These data are only used in spreadsheets in 
SSHEETS. 
Two final notes: 
1. There is no driver or shell program that facilitates easy use of the model and presentation 
of simulation results. Each program runs independently of other programs, although a 
specific execution order has to be respected (Figures 9.2 and 9.3). It is the programmer's or 
user's responsibility that programs are executed in the correct order, and that appropriate 
input files are read from and output files are written to correct directories. 
2. The <simfood>-path and directory names are "hard-coded" in a number of programs. The 
user is, therefore, highly recommended not to change the directory names as mentioned in 
Figure 9.1, and to name the <s/7nrbod>-path "C:\WRFX". 
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stations.dat 
weather files— 
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WEATHERI 
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HEIZONES gridsottdat 
INITIAÜHEI 
rerunsh.dat-
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• world.dat 
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OUTPUT 
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Figure 9.2 Flow diagram of the HEI system. 
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Figure 9.3 Flow diagram of the LEI system. 
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Appendix A: Population projections per 
country 
(Source: Delft Hydraulics, 1992). 
A-1 
Population growth projection par country 
assuming low. medium and high growth scenario's (2040) 
| country 
| code name 
| REGION 1: SOUTH AMERICA 
| 32 Argentina 
| 68 Bolivia 
| 76 Brazil 
| 152 Chile 
| 170 Colombia 
| 218 Ecuador 
| 328 Guyana 
| 600 Paraguay 
| 604 Peru 
| 740 Suriname 
| 858 Uruguay 
| 862 Venezuela 
| TOTAL REGION 1 
| REGION 2: CENTRAL AMERICA 
| 188 Costa Rica 
| 222 El Salvador 
| 320 Guatemala 
| 340 Honduras 
| 484 Mexico 
| 568 Nicaragua 
| 501 Panama 
| TOTAL REGION 2 
| REGION 3: CARIBBEAN 
I 52 Barbados 
I 192 Cuba 
| 214 Dominican Republic 
I 312 Guadeloupe 
I 332 Haiti 
I 388 Jamaica 
I 474 Martinique 
I 630 Puerto Rico 
I 780 Trinidad and Tobago 
I TOTAL REGION 3 
I REGION 4: NORTHERN AMERICA 
I 124 Canada 
I 840 United States of America 
I TOTAL REGION 4 
low | 
scenario | 
population | 
(million) | 
45.8 
15.4 
235.9 
207 
55.9 
19.1 
1.1 
8.4 
36.7 
0.6 
3.9 
38.1 
481.1 
5.4 
117 
20.5 
10.3 
142.1 
8.9 
3.9 
202.1 
0.3 
14.0 
11.3 
0.4 
127 
3.1 
0.4 
4.1 
1.9 
47.6 
26.3 
247.7 
274.1 
| 
medium | 
scenario | 
population | 
(million) | 
51.4 
20.7 
277.8 
223 
61.3 
I 22.5 
1.3 
10.4 
427 
0.8 
47 
42.9 
557.8 
5.9 
12.8 
24.5 
13.0 
169.6 
10.4 
4.4 
240.6 
0.3 
14.7 
12.9 
0.4 
15.0 
3.9 
0.5 
57 
27 
55.1 
31.5 
296.3 
327.9 
I 
high | 
scenario | 
population | 
(million) | 
60.0 | 
267 | 
336.7 | 
25.0 | 
68.0 | 
1 2«2 | 
1.6 | 
12.7 | 
49.5 | 
0.9 | 
4.6 | 
49.4 | 
662.9 | 
6.7 | 
14.4 | 
307 | 
187 | 
1947 | 
12.8 | 
5.1 | 
281.7 | 
0.4 | 
16.4 | 
158 | 
0.6 | 
17.7 | 
4.7 | 
0.6 | 
6.3 | 
2.7 | 
65.1 | 
37.7 | 
360.0 | 
397.6 | 
A-2 
1 REGION 5: NORTHERN AFRICA 
1 12 
I 434 
I 504 
| 736 
| 788 
| 818 
Algeria 
Libyan Arab Jamahiriya 
Morocco 
Sudan 
Tunisia 
Egypt 
TOTAL REGION 5 
| REGION 6: WESTERN AFRICA 
f 132 
| 204 
| 270 
| 288 
| 324 
| 384 
| 430 
| 466 
| 478 
| 562 
| 566 
| 624 
| 686 
| 694 
| 768 
| 854 
Cape Verde 
Benin 
Gambia 
Ghana 
Guinea 
Cote d'Ivoire 
Liberia 
Mali 
Mauritania 
Niger 
Nigeria 
Guinea-Bissau 
Senegal 
Sierra Leone 
Togo 
Burkina Faso 
TOTAL REGION 6 
| REGION 7: CENTRAL AFRICA 
I 24 
| 120 
| 140 
| 148 
| 178 
| 180 
| 226 
| 266 
Angola 
Cameroon 
Central African Rep. 
Chad 
Congo 
Zaire 
Equatorial Guinea 
Gabon 
TOTAL REGION 7 
| REGION 8: EASTERN AFRICA 
| 108 
| 174 
| 230 
| 262 
| 404 
| 450 
I 454 
| 480 
| 508 
I 638 
I 646 
| 706 
| 716 
| 800 
| 834 
| 894 
Burundi 
Comoros 
Ethiopia 
Djibouti 
Kenya 
Madagascar 
Malawi 
Mauritius 2) 
Mozambique 
Reunion 
Rwanda 
Somalia 
Zimbabwe 
Uganda 
United Rep. of Tanzania 
Zambia 
TOTAL REGION 8 
| REGION 9: SOUTHERN AFRICA 
I 72 
| 426 
| 516 
| 710 
Botswana 
Lesotho 
Namibia 
South Africa 
54.0 
12.9 
45.0 
61.1 
13.5 
90.0 
276.6 
0.9 
11.4 
1.9 
34.8 
155 
35.0 
6.6 
25.1 
4.7 
19.4 
252.0 
1.8 
17.3 
9.3 
9.1 
22.0 
466.4 
22.9 
33.0 
85 
12.5 
6.8 
103.3 
0.9 
2.6 
190.1 
12.9 
1.7 
1235 
1.0 
77.3 
31.8 
24.7 
1.5 
36.4 
0.9 
18.9 
195 
22.7 
52.5 
85.5 
26.7 
537.0 
3.3 
4.6 
4.8 
73.8 
65.0 
16.1 
57.1 
74.6 
17.1 
113.1 
342.9 
15 
15.7 
2.3 
44.3 
19.1 
495 
9.1 
31.0 
6.4 
26.9 
3515 
2.4 
21.3 
12.6 
12.3 
29.7 
634.9 
30.9 
45.7 
9.9 
16.6 
85 
124.3 
1.0 
3.6 
240.4 
165 
2.1 
158.4 
1.4 
99.0 
42.6 
30.9 
1.8 
44.3 
1.1 
23.6 
23.4 
28.3 
66 5 
1065 
32.9 
678.7 
4.3 
5.5 
59 
818 
76.5 | 
19.3 | 
70.3 | 
94.3 | 
21.6 | 
136.6 | 
418.5 | 
1.4 | 
19.6 | 
2.8 | 
55.4 | 
23.7 | 
625 | 
11.0 | 
36.9 | 
7.6 | 
33.7 | 
450.1 | 
3.0 | 
25.0 | 
15.0 | 
15.0 | 
355 | 
797.6 | 
37.7 | 
56.5 | 
11.8 | 
19.9 | 
9.6 | 
144.5 | 
1.2 | 
4.5 | 
285.6 | 
20.4 | 
2.6 | 
206.1 | 
1.7 | 
118.3 | 
51.6 | 
37.4 | 
2.1 | 
55.7 | 
1.4 | 
31.2 | 
27.6 | 
33.4 | 
85.6 | 
127.4 | 
39.1 | 
841.6 | 
5.2 | 
6.5 | 
7.0 | 
100.5 | 
A-3 
1 748 Swaziland 
TOTAL REGION 9 
1 REGION 10: OCEANIA 
I 36 
I 554 
| 242 
| 598 
Australia 
New Zealand 
Fiji 
Papua New Guinea 
TOTAL REGION 10 
| REGION 11: SOUTHEASTERN ASIA 
| 104 
| 116 
| 360 
| 418 
| 458 
| 608 
| 626 
| 702 
| 704 
| 764 
Myanmar 
Cambodia 
Indonesia 
Lao People's Dem. Rep. 
Malaysia 
Philippines 
East Timor 
Singapore 
Viet Nam 
Thailand 
TOTAL REGION 11 
| REGION 12: EASTERN ASIA 
| 156 
I 344 
| 392 
| 408 
| 410 
| 496 
China 
Hong Kong 
Japan 
Dem. Peop. Rep. of Korea 
Republic of Korea 
Mongolia 
TOTAL REGION 12 
| REGION 13: SOUTHERN ASIA 
| 50 
1 64 
| 144 
| 356 
| 364 
| 524 
| 586 
| 4 
Bangladesh 
Bhutan 
Sri Lanka 
India 
Islamic Rep. of Iran 
Nepal 
Pakistan 
Afghanistan 
TOTAL REGION 13 
| REGION 14: WESTERN ASIA 
I 48 
| 196 
| 368 
| 376 
| 400 
| 414 
| 422 
| 512 
I 634 
| 682 
| 720 
| 760 
| 784 
| 792 
| 886 
Bahrain 
Cyprus 
Iraq 
Israel 
Jordan 
Kuwait 
Lebanon 
Oman 
Qatar 
Saudi Arabia 
Democratic Yemen 14) 
Syrian Arab Rep. 
United Arab Emirates 
Turkey 
Yemen 14) 
TOTAL REGION 14 
| REGION 15: (former) USSR 
| 810 Union of Soviet Soc. Rep. 
2.3 
88.7 
21.1 
3.7 
1.0 
6.4 
32.2 
65.0 
13.2 
253.6 
7.8 
29.6 
104.7 
1.1 
3.1 
107.8 
71.7 
657.7 
1,290.8 
6.4 
123.0 
28.5 
49.3 
4.7 
1,502.8 
218.7 
2.9 
22.6 
1,307.8 
107.5 
32.0 
236.8 
36.3 
1.964.5 
0.9 
0.8 
44.5 
65 
9.3 
3.3 
45 
4.0 
0.7 
36.9 
5.3 
28.8 
2.3 
78.3 
23.5 
248.9 
323.2 
2.8 
100.3 
24.1 
4.3 
12 
7.6 
375 
82.0 
15.8 
322.9 
9.7 
34.0 
125.9 
1.3 
3.7 
132.7 
91.4 
819.6 
1,518.0 
7.3 
144.0 
37.3 
58.3 
5.5 
1,770.4 
265.4 
3.5 
27.8 
1,596.0 
128.6 
39.5 
301.7 
45.7 
2.408.1 
1.1 
1.0 
56.5 
7.8 
115 
4.3 
5.3 
5.4 
1.0 
50.5 
72 
38.5 
3.0 
99.1 
31.8 
323.6 
369.0 
3.4 | 
122.5 | 
29.0 | 
5.1 | 
1.4 | 
8.9 | 
44.5 | 
101.6 | 
202 | 
387.6 | 
12.7 | 
44.7 | 
152.4 | 
1.7 | 
4.4 | 
1655 | 
114.9 | 
1,0055 | 
1,803.1 | 
9.1 | 
167.3 | 
42.3 | 
69.9 | 
6.6 | 
2.098.3 | 
357.1 | 
4.0 | 
33.4 | 
1.867.0 | 
149.6 | 
47.6 | 
373.9 | 
55.7 | 
2,888.5 | 
1.4 1 
15 | 
66.7 | 
9.6 | 
13.4 | 
5.6 | 
6.3 | 
6.2 | 
1.3 | 
64.0 | 
95 | 
495 | 
4.0 | 
122.1 | 
38.7 | 
398.8 | 
418.8 | 
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1 REGION 16: EASTERN EUROPE 
| 100 Bulgaria 
| 200 Czechoslovakia 
| 278 Goeman Dem. Rep. 15) 
I 348 Hungary 
| 616 Poland 
| 642 Romania 
| TOTAL REGION 16 
| REGION 17: SOUTHERN EUROPE 
| 8 Albania 
| 300 Greece 
| 380 Italy 
| 470 Malta 
| 620 Portugal 
| 724 Spain 
| 890 Yugoslavia 
| TOTAL REGION 17 
| REGION 18: WESTERN EUROPE 
| 40 Austria 
| 56 Belgium 
| 250 France 
| 280 Germany, Fed. Rep. 15) 
| 442 Luxembourg 
| 528 Netherlands 
| 756 Switzerland 
| TOTAL REGION 18 
| REGION 19: NORTHERN EUROPE 
| 208 Denmark 
| 246 Finland 
| 352 Iceland 
| 372 Ireland 
| 578 Norway 
| 752 Sweden 
| 826 United Kingdom 
I TOTAL REGION 19 
| WORLD 
7.6 
14.5 
13.3 
8.6 
385 
21.9 
104.1 
45 
8.7 
46.0 
0.3 
95-
35.4 
22.3 
126.3 
6.3 
7.3 
51.4 
46.7 
0.3 
14.1 
5.2 
131.4 
4.2 
4.4 
0.3 
4.2 
3.8 
7.3 
50.6 
74.8 
7,729.5 
8.6 
16.6 
155 
9.9 
43.6 
24.9 
118.8 
4.8 
9.7 
515 
0.4 
10.6 
40.9 
25.1 
142.7 
7.1 
9.1 
58.4 
53.3 
0.3 
16.3 
6.6 
151.0 
4.7 
4.9 
0.3 
4.8 
4.4 
8.3 
57.7 
85.1 
9,404.0 
9.9 | 
19.1 | 
17.3 | 
11.4 | 
49.2 | 
285 | 
135.0 | 
5.5 | 
10.9 | 
57.9 | 
0.4 | 
11.9 | 
46.1 | 
28.2 | 
161.0 | 
8.0 | 
10.4 | 
65.0 | 
615 | 
0.4 | 
18.5 | 
8 3 | 
171.9 | 
5.3 | 
5.6 | 
0.3 | 
5.4 | 
4.9 | 
6.4 | 
64.4 | 
95.4 | 
11590.6 | 
Appendix B: Composition of the diets 
B-1 
Product 
Cereals'1 
Potato 
Legumes 
Fruitk 
Vegetbig 
Sugar 
Veg-oil1 
Milk 
Cheese 
Pwdrmlklr 
Butter' 
Eggs 
Consumption 
[gd-1l 
558 
477 
55 
57 
114 
28 
46 
122 
8 
2 
8 
4 
Energy 
value3 
[kJkg-1 
8650 
3530 
13350 
2240 
1000 
16800 
31500 
2700 
14450 
14540 
31500 
6340 
Energy 
intake 
I [kid'1] 
Protein 
cont 
[%] 
VEGETARIAN DIET 
4827 
1684 
734 
128 
114 
470 
1449 
270 
116 
29 
252 
26 
7.6 
2.0 
22.0 
0.7 
2.0 
0.0 
0.0 
3.4 
31.1* 
34.0s 
0.6 
13.3 
Protein 
intake^5 
[g/d] 
42.4 
9.5 
12.1 
0.4 
2.3 
0.0 
0.0 
3.4 
2.5 
0.7 
0.1 
1.9 
CFC 
[kg GE/ 
kg prod] 
o.7f 
0.4m 
0.4m 
2.0' 
1.0° 
3.0X 
3.0J 
1.5V 
14.0Y 
17.0U 
0.0W 
5-3* 
GEd 
Igd-' 
390 
191 
22 
114 
114 
84 
138 
135 
112 
34 
0 
5 
Total 1457 6897 10049 5.2 75.3 0.92 1339 
Cereals" 
Potato 
Legumes 
Fruitk 
Vegetbig 
Sugar 
Veg-oil' 
Milk 
Cheese 
Pwdrmlklr 
Butter' 
Eggs 
Beef 
Pork 
Poultry 
491 
420 
9 
50 
100 
24 
40 
408 
20 
15 
10 
16 
14 
8 
1 
8650 
3530 
13350 
2240 
1000 
16800 
31500 
2700 
14450 
14540 
31500 
6340 
11720 
15580 
7140 
MODERATE DIETe 
4247 
1483 
120 
112 
100 
403 
1260 
1102 
289 
218 
315 
101 
164 
125 
7 
7.6 
2.0 
22.0 
0.7 
2.0 
0.0 
0.0 
3.4 
31.1* 
34.0s 
0.6 
13.3 
17.8 
13.8 
20.0 
37.3 
8.4 
2.0 
0.4 
2.0 
0.0 
0.0 
13.9 
6.2 
5.1 
0.6 
2.1 
2.5 
1.1 
0.2 
0.7* 
0.4m 
0.4m 
2.0' 
1.0° 
3.0X 
3.0J 
1.5V 
H.oy 
17.0U 
0.0W 
5.3V 
11.1v 
6.3V 
9-5* 
344 
168 
4 
100 
100 
72 
120 
612 
280 
255 
0 
85 
155 
50 
10 
Total 1626 6178 10046 5.0 81.2 1.45 2355 
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Product Consumption 
[gd-1] 
Energy 
value3 
[kJ kg"1] 
Energy 
intake 
[kJd"1] 
Protein 
cont 
[%] 
AFFLUENT DIET2 
Protein 
intake*3 
[g/d] 
CFC GE d 
[kg GE/ 
kg prod] [gd-1] 
Cereals'1 
Potato 
Vegetbl9 
Veg-oil1 
Sugar 
Fruitk 
Milk 
Cheese 
PwdrmlkfP 
Pwdrmlklr 
Butter' 
Eggs 
Beef 
Pork 
Poultry 
Mutton 
269 
264 
100 
47 
87 
171 
262 
37 
2 
2 
15 
36 
64 
105 
46 
10 
8650 
3530 
1000 
31500 
16800 
2240 
2700 
14450 
19820 
14540 
31500 
6340 
11720 
15580 
7140 
12900 
2327 
932 
100 
1481 
1462 
383 
707 
535 
40 
29 
473 
228 
750 
1636 
328 
129 
7.6 
2.0 
2.0 
0.0 
0.0 
0.7 
3.4 
31.1* 
25.3<1 
34.0s 
0.6 
13.3 
17.8 
13.8 
20.0 
16-4 
20.4 
5.3 
2.0 
0.0 
0.0 
1.2 
8.9 
11.5 
0.5 
0.7 
0.1 
4.8 
11.4 
14.5 
9.2 
J L 6 _ 
Total 1517 7607 11540 6.1 92.1 
0.7188 
0.4m 
1.0° 
3.0J 
3.0X 
2.0' 
1.5V 
i4.oy 
12.5U 
17.0U 
0.0W 
5.3V 
11.1v 
6.3V 
9.5V 
9.8Q 
2.77 
106 
100 
141 
261 
342 
393 
518 
25 
34 
0 
191 
710 
662 
437 
_28_ 
4206 
a. Data derived from Bakker (1985) and Scherz and Kloos (1981). 
b. Daily requirement can be set at 1 gram per kg of bodyweight which means that the intake 
in all diets is sufficient (Voedingsraad, 1989; Passmore and Eastwood, 1986). 
c. CF: Conversion Factor of food (fresh weight) to grain equivalents (dry weight). 
d. GE: Grain Equivalents (dry weight) required. 
e. Moderate diet according to Bakker (1985); criteria used in defining the diet are given in 
the text. 
f. Derived from Bakker (1985). 
g. The average energy value and protein content of the following major vegetables have 
been used: carrot, cauliflower, endive, cabbage, lettuce, sprouts, aubergine and tomato 
(Scherz and Kloos, 1981). 
h. Grain products, like bread, rice, etc. 
i. Additional to fat intake through other products. Butter- and oil-fats have similar energy 
contents (Scherz and Kloos, 1981). 
j . Oil is assumed to be produced from crops like peanut and soybean with fat contents of 48 
and 18%, respectively. Production of fats requires much carbohydrates, hence potential 
production is lower than that for grains. The harvest index is set similar to that for grain. 
Considering production of oil from various oil crops. CF for oil production is set at 3.0. 
k. The average energy value and protein content of the following major fruits have been 
used: apple, banana, kiwi, mandarin, mango, orange, papaya, pear and pineapple (Scherz 
and Kloos, 1981). 
I. Fruit production varies greatly among species and even more between production sys-
tems. At potential growth rates, fruit production of highly productive cultivars in temper-
ate climates may exceed 50 tons fresh weight per ha. However, most tropical fruits are less 
well bred and cultivated and yields may be as low as a few hundreds of kilo's per ha 
B-3 
m. 
o. 
P-
q-
r. 
s. 
t. 
u. 
w. 
x. 
z. 
(Jukema, pers. comm.). Therefore average production can be expected to be much lower 
than potential. CF set at 2.0. 
Total potential dry matter production for tuber crops is approximately similar to that of 
cereals. 
Under the best technical means of production, CF can be expected to be lower than the 
figure given in the table below. For this situation the lowest value given is used. 
Variations in yield for vegetables are enormous, depending on cultivation system and 
species. CF will therefore vary greatly, and has been set at 1.0. 
Fat powder milk. 
Calculated from energy content of protein in product as (1.04/0.14 * 3.4) (Bakker, 1985). 
Lean powder milk. 
Calculated from energy content of protein in product as (1.40/0.14 * 3.4) (Bakker, 1985). 
Calculated from energy content of protein in milk and cheese as (1.28/0.14 * 3.4) (Bakker, 
1985). 
Fat and lean powder milk production requires 8.3 and 11.3 kg milk kg"1, respectively, 
which in turn has a CF of 1.5. Therefore CF's have been set to 12.5 and 17.0, respectively. 
The CF's for milk, beef, pork, chicken and eggs are derived from data compiled by Bakker 
(1985) from information of the 'Centraal Veevoederbureau in Nederland (Dutch Central 
Office for Forages)'. As, in general, more fodder is needed to meet protein requirements 
than energy requirements, CF based on adequate protein intake is used. The data pre-
sented here refer to production systems as practiced in the Netherlands, assuming 'best 
technical means'. 
CF for fats is set to zero, as fat production is included in meat production (Bakker, 1985). 
CF to produce white sugar from sugar beets equals 7.4 (Bakker, 1985) and similarly to po-
tato (see note m) the conversion from sugar beets to cereals is set to 0.4. Therefore CF to 
produce sugar is set to 3.0. 
Cheese production requires 14 kg milk per kg, which in turn has a CF of 1.5. CF for cheese 
therefore is set to 21.0. 
Affluent diet according to the European diet used by Van Latesteijn etat. (1992). 
Conversion factors for animal products (kg GE/kg product) as given by Bakker (1985), Williamson and 
Payne (1978) and by Devendra and McLeroy (1982). 
Reference 
Milk 
Beef 
Pork 
Chicken 
Eggs 
Goat & mutton 
Bakker 
Energy 
1.1 
9.4 
4.4 
2.6 
3.5 
-
Protein 
1.5 
11.1 
6.3 
9.5 
5.3 
— 
Williamson 
Energy 
3.5 
9.1 
3.7 
14.3 
5.9 
— 
& Payne 
Protein 
2.5 
9.1 
5.3 
4.2 
4.0 
— 
Devendra & McLeroy 
Energy Protein 
_ _ 
-
-
-
21.3 9.8 
14.9 11.0 
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Appendix C: Calculation of land suitability 
Values are derived from FAO (1978). The suitability values between parentheses are those used 
in sensitivity analysis (Subsection 7.5.3). 
Calculation procedure: 
Overall suitability = (fraction suitable related to soil unit) x 
(fraction suitable related to soil phase) x 
(fraction suitable related to soil slope) 
Soil phase: 
Phase 
Stony 
Lithic (shallow/rocky) 
Pertic (rocky) 
Pertroferic (rocky/iron) 
Petrocalcic (rocky/calcareous) 
Petrogypsic (rocky/gypsic) 
Fragipan 
Duripan 
Saline (salty) 
Phreatic (groundwater) 
Cerrado (dry) 
Sodic (alkaline) 
Permafrost 
intermittent permafrost 
Glacial 
Ponded (temporarily flooded) 
Dunes, sands (coarse, sandy) 
Rock debris (rocky outcrops) 
Salt flats 
missing phase 
suitability 
arable land 
0.00 (0.25) 
0.25 (0.50) 
0.75 (1.00) 
0.25 (0.50) 
0.50 (0.75) 
0.25 (0.50) 
1.00 (1.00) 
1.00 (1.00) 
0.25 (0.50) 
1.00 (1.00) 
1.00 (1.00) 
0.25 (0.50) 
0.00 (0.25) 
0.00 (0.25) 
0.00 (0.00)a 
0.50 (0.75) 
0.00 (0.25) 
0.00 (0.25) 
0.00 (0.25) 
1.00 (1.00) 
suitability 
grassland 
0.00 (0.25) 
0.75 (1.00) 
1.00 (1.00) 
0.75 (1.00) 
0.90 (1.00) 
0.75 (1.00) 
1.00 (1.00) 
1.00 (1.00) 
0.50 (0.75) 
1.00 (1.00) 
1.00 (1.00) 
0.50 (0.75) 
0.25 (0.50) 
0.25 (0.50) 
0.00 (0.00)a 
0.90 (1.00) 
0.75 (1.00) 
0.50 (0.75) 
0.00 (0.25) 
1.00 (1.00) 
a
 Exception: suitability glacials remains zero. 
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Soil unit: 
Soil 
Acrisols (very acid) 
Cambisols (weathering in situ) 
Chernozems (black earths) 
Podzoluvisols 
Rendzinas (calcareous/shallow) 
Ferrasols (iron/aluminum) 
Gleysols (hydromorphic) 
Phaeozems (degraded chernozems) 
Lithosols (very shallow on rock) 
Fluvisols (alluvial deposits) 
Kastanozems (dry steppe soils) 
Luvisols (alfisols: clay transport) 
Greyzems (grey forest soils) 
Nitosols (very heavy, clay transport) 
Histosols (peaty soils) 
Podzols (leached soils) 
Arenosols (coarse sandy soils) 
Regosols (shallow/loose on rock) 
Solonetzs (alkaline soils)c 
Andosols (volcanic soils) 
Rankers (shallow, sloping) 
Vertisols (very heavy clay) 
Planosols (poorly drained/level) 
Xerosols (semi-desert soils) 
Yermosols (desert/sandy soils) 
Solonchaks (saline/salty soils) 
missing soil unit 
b Average suitability of 0 for wheat and 1 for rice 
c
 Increasing portion in irrigation areas 
d Average suitability of 0 for wheat and 0.5 for rice 
FAO 
acronym 
(A) 
(B) 
(0 
(D) 
(E) 
(F) 
(G) 
(H) 
(I) 
(J)' 
(K) 
(L) 
(M) 
(N) 
(0) 
(P) 
(Q) 
(R) 
(S) 
CO 
(U) 
(V) 
(W) 
(X) 
(Y) 
(Z) 
suitability 
arable land 
0.75 (0.65) 
1.00 (0.90) 
1.00 (0.90) 
0.80 (0.70) 
0.25 (0.15) 
0.80 (0.70) 
1.00 (0.90) 
1.00 (0.90) 
0.00 (0.00) 
1.00 (0.90) 
1.00 (0.90) 
1.00 (0.90) 
1.00 (0.90) 
1.00 (0.90) 
0.50b (0.40) 
0.80 (0.70) 
0.50 (0.40) 
1.00 (0.90) 
0.15 (0.05) 
1.00 (0.90) 
0.00 (0.00) 
1.00 (0.90) 
0.75 (0.65) 
1.00 (0.90) 
1.00 (0.90) 
0.20d(0.10) 
1.00 (0.90) 
suitability 
grassland 
0.75 (0.65) 
1.00 (0.90) 
1.00 (0.90) 
1.00 (0.90) 
0.80 (0.70) 
1.00 (0.90) 
1.00 (0.90) 
1.00 (0.90) 
0.50 (0.40) 
1.00 (0.90) 
1.00 (0.90) 
1.00 (0.90) 
1.00 (0.90) 
1.00 (0.90) 
1.00 (0.90) 
1.00 (0.90) 
0.75 (0.65) 
1.00 (0.90) 
0.50 (0.40) 
1.00 (0.90) 
0.75 (0.65) 
1.00 (0.90) 
1.00 (0.90) 
1.00 (0.90) 
1.00 (0.90) 
0.25d(0.15) 
1.00 (0.90) 
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Soil slope: 
Slope suitability suitability 
arable land grassland 
A* 1.00 (1.00) 1.00 (1.00) 
B** 0.35 (0.53) 1.00 (1.00) 
C*** 0.05 (0.08) 0.50 (0.75) 
AB** * * 0.67 (0.77) 1.00 (1.00) 
AC**** 0.53 (0.54) 0.75 (0.88) 
BC**** 0.20 (0.31) 0.75 (0.88) 
ABC**** 0.47 (0.54) 0.83 (0.92) 
missing slope 1.00 (1.00) 1.00 (1.00) 
* : 0- 8%; level to gently undulating. 
* * : 8-30%; rolling to hilly. 
* * * : >30%; steeply dissected to mountainous 
* * * * : Slope classes equally represented. 
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Appendix D: Distribution of land suitability 
The two tables give the average suitability of land for modern agriculture, either for arable 
farming (a) and grassland (b), and the distribution of suitability of individual grid cells in five 
classes (in percentages), per region and for the whole world. 
Arable farming (a) 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Region 
South America 
Central America 
Northern America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Eastern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
World 
Average 
Suit, (a) 
0.508 
0.239 
0.301 
0.173 
0.361 
0.505 
0.432 
0.342 
0.360 
0.223 
0.214 
0.305 
0.145 
0.207 
0.261 
0.312 
Suitability classes (a) 
0-0.20 
21.5 
71.2 
58.4 
74.9 
44.4 
19.6 
33.5 
39.7 
42.4 
59.2 
64.2 
55.2 
79.0 
67.2 
48.6 
51.9 
0.21-0.40 
23.6 
10.3 
10.4 
6.8 
11.3 
13.2 
20.1 
6.5 
30.6 
16.3 
21.4 
16.9 
6.9 
12.5 
15.5 
15.7 
0.41-0.60 
10.5 
4.9 
7.6 
7.3 
16.7 
39.0 
15.3 
42.5 
2.5 
14.1 
2.1 
2.4 
2.0 
4.3 
7.8 
9.4 
0.61-0.80 
31.2 
6.2 
5.6 
2.9 
13.6 
17.4 
15.7 
3.6 
4.1 
6.0 
3.2 
10.2 
5.9 
7.0 
19.6 
10.9 
0.81-1.00 
13.2 
7.4 
18.0 
8.2 
13.9 
10.7 
15.5 
7.6 
20.4 
4.4 
9.1 
15.4 
6.3 
9.0 
8.5 
12.1 
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Grassland (b) 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Region 
South America 
Central America 
Northern America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Eastern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
World 
Average 
Suit, (b) 
0.820 
0.687 
0.560 
0.696 
0.737 
0.860 
0.796 
0.743 
0.768 
0.580 
0.523 
0.600 
0.660 
0.378 
0.725 
0.637 
Suitability classes (b) 
0-0.20 
0.4 
0.9 
28.9 
3.9 
0.4 
0.7 
0.4 
4.6 
2.3 
0.3 
37.3 
24.9 
2.9 
55.9 
7.6 
19.1 
0.21-0.40 
11.0 
10.2 
8.6 
12.2 
16.4 
5.5 
11.4 
1.7 
7.4 
44.0 
11.4 
11.1 
19.8 
3.2 
4.7 
10.0 
0.41-0.60 
8.8 
32.6 
7.8 
8.2 
5.2 
5.4 
11.4 
7.5 
29.0 
10.9 
11.7 
16.9 
14.9 
9.0 
18.8 
11.5 
0.61-0.80 
18.7 
30.7 
19.9 
57.0 
50.9 
27.6 
24.3 
67.3 
9.5 
21.6 
7.9 
10.7 
44.5 
5.1 
26.2 
21.8 
0.81-1.00 
61.1 
25.6 
34.8 
18.7 
27.1 
60.7 
52.5 
18.9 
51.8 
23.3 
31.7 
36.5 
17.9 
26.9 
42.7 
37.5 
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Appendix E: Total and productive land areas 
Total and productive land areas (105 ha) as computed by the model and according to FAO data 
(1993). 
MODEL TOTAL: 
FAO TOTAL: 
MODEL ARABLE: 
FAO ARABLE: 
MODEL PASTURE: 
FAO PASTURE: 
Total land area in model. 
Total land area according to FAO-data. 
Area suitable for arable production in model. 
Area currently under arable and permanent cropping. 
Area suitable for permanent pasture, but unsuitable for arable cropping in model. 
Area currently under permanent pasture. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
REGION 
South America 
Central America 
Northern America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Eastern Asia 
Southern Asia 
Western Asia 
(Former) USSR 
Europe 
WORLD 
MODEL 
TOTAL 
1676.7 
232.2 
1594.7 
789.3 
590.1 
630.1 
588.4 
261.1 
787.1 
347.3 
1104.1 
645.6 
413.1 
2085.5 
458.4 
12203.3 
FAO 
TOTAL 
1752.9 
260.8 
1838.8 
811.4 
605.8 
648.9 
605.3 
265.9 
835.7 
435.5 
1149.0 
641.1 
452.3 
2227.2 
472.7 
13003.3 
MODEL 
ARABLE 
851.5 
55.5 
479.7 
136.4 
212.8 
318.0 
254.2 
89.2 
283.7 
77.5 
236.5 
197.0 
59.9 
431.9 
119.6 
3803.3 
FAO 
ARABLE 
142.1 
37.5 
235.9 
38.8 
59.2 
24.5 
49.0 
15.7 
50.1 
76.9 
106.3 
226.6 
42.9 
232.9 
139.9 
1478.3 
MODEL 
PASTURE 
523.4 
104.0 
412.7 
413.0 
222.1 
223.6 
214.0 
104.8 
321.0 
123.8 
341.2 
190.0 
212.6 
356.3 
212.7 
3975.1 
FAO 
PASTURE 
479.3 
94.5 
57.1 
16.6 
169.7 
115.1 
279.0 
155.6 
431.8 
16.1 
333.8 
94.3 
123.0 
371.1 
83.0 
2820.0 
F-1 
Appendix F: N-recovery and denitrîf ication 
Apparent recovery fractions of nitrogen fertilizer, in dependence of soil texture and climatic 
conditions. 
SOIL* 
CLIMATE** 
>700 
500-700 
300-500 
100-300 
0-100 
1 
0.50 
0.54 
0.59 
0.63 
0.68 
2 
0.53 
0.57 
0.62 
0.67 
0.69 
3 
0.55 
0.60 
0.65 
0.70 
0.75 
4 
0.55 
0.60 
0.65 
0.70 
0.72 
5 
0.55 
0.60 
0.65 
0.70 
0.68 
6 
0.55 
0.60 
0.65 
0.70 
0.75 
7 
0.55 
0.60 
0.65 
0.70 
0.75 
8 
0.55 
0.60 
0.65 
0.70 
0.75 
Fraction of the nitrogen not recovered by the crop that is denitrified, in dependence of soil 
texture and climatic conditions. 
SOIL* 
CLIMATE*** 
>900 
650-900 
400-650 
150-400 
0-150 
1 
0.00 
0.00 
0.00 
0.00 
0.00 
2 
0.13 
0.13 
0.10 
0.08 
0.05 
3 
0.25 
0.25 
0.21 
0.15 
0.10 
4 
0.67 
0.67 
0.53 
0.38 
0.24 
5 
0.75 
0.75 
0.64 
0.46 
0.29 
6 
0.38 
0.38 
0.32 
0.23 
0.15 
7 
0.50 
0.50 
0.42 
0.30 
0.19 
8 
0.75 
0.75 
0.64 
0.46 
0.29 
Soil types: 
1: coarse 
2: coarse-medium 
3: medium 
4: medium-fine 
5: fine 
6: course-medium-fine 
7: coarse-fine 
8: peat 
Seasonal precipitation surplus [mm growing_season"^] 
Annual precipitation surplus x fraction [mm yr-1]. 
(fraction is 0.5 for temperate regions and 0.25 for tropical regions). 
G-1 
Appendix G: Biocide application rates 
Biocide application rates (kg ha~1 crop"1) in the HEI production system, 
(biocide are not used in the LEI production system). 
a. Herbicide application rate, in dependence of soil texture and climatic conditions. 
SOIL* 
CLIMATE** 
>700 
500-700 
300-500 
100-300 
0-100 
1 
0.70 
0.78 
0.85 
0.93 
1.00 
2 
0.85 
0.95 
1.04 
1.13 
1.22 
3 
1.01 
1.12 
1.22 
1.33 
1.44 
4 
1.47 
1.63 
1.79 
1.95 
2.10 
5 
1.62 
1.80 
1.97 
2.15 
2.32 
6 
1.17 
1.29 
1.41 
1.54 
1.66 
7 
1.32 
1.46 
1.60 
1.74 
1.88 
8 
1.62 
1.80 
1.97 
2.15 
2.32 
b. Fungicide application rate in dependence of dry matter yield and climatic conditions. 
YIELD*** 
CLIMATE** 
>700 
500-700 
300-500 
100-300 
0-100 
1 
1.66 
1.83 
2.01 
2.19 
2.37 
2 
1.86 
2.06 
2.26 
2.37 
2.45 
3 
2.26 
2.50 
2.75 
2.99 
2.23 
4 
2.67 
2.95 
3.24 
3.52 
3.81 
* Soil types: 
1 : coarse 
2: coarse-medium 
3: medium 
4: medium-fine 
5: fine 
6: course-medium-fine 
7: coarse-fine 
8: peat 
* * Annual precipitation deficit [mm yr"1 ] 
* * * Yield levels (kg ha*1 crop"1) 
1:<3750 
2: 3750 - 6250 
3: 6250 - 8750 
4: > 8750 
c. Insecticide application rate fixed at 0.20 kg ha"1 crop"1. 
H-1 
Appendix H: Food and water demand 
(Source: Delft Hydraulics, 1992). 
This appendix provides the following information for a low, medium and high population 
forecast for the year 2040 (Tables H1, H2 and H3, respectively): 
• Country code and name, according to the United Nations (1992) classification. 
• Population estimates per country for the year 2040 (million people), based on interpolation 
of UN estimates for the years 2025 and 2050. 
• Total food requirements per country (million ton grain equivalents per year), based on per 
capita requirements of 4.2 and 2.4 kg GE day"^, for an "affluent" and "moderate" diet, re-
spectively. 
• Per capita water demand (litres per day), to cover domestic and industrial purposes, per 
country, based on WRI (1990) data. 
• Gross total water demand per country (m3s"1) for domestic and industrial use, as well as 
the total of the amount of water for these two purposes. 
Notes (tables H1, H2 and H3): 
1. Eastern Africa region includes British Indian territory and Seychelles. 
2. Including Agalesa, Rodrigues and St. Brandon. 
3. Central Africa region includes Sao Tome and Principe. 
4. Northern Africa region includes Western Sahara. 
5. Western Africa region includes St. Helena. 
6. Caribbean region includes Anguilla, Antigua, Bahamas, British Virgin Islands, Cayman 
Islands, Dominica, Grenada, Montserrat, Netherlands Antilles, Saint Christopher and Nevis, 
Saint Lucia, Saint Vincent and the Grenadines, Turks and Caicos Islands and United States 
Virgin Islands. 
7. Central America region includes Belize. 
8. South America region includes Falkland Islands (Malvinas) and French Guiana. 
9. Northern America region includes Bermuda, Greenland, and St. Pierre and Miquelon. 
10. Eastern Asia region includes Macau. 
11. Southeastern Asia region includes Brunei Darussalam. 
12. Southern Asia region includes Maldives. 
H-2 
13. Western Asia region includes Gaza Strip (Palestine). 
14. On 22 May 1990 Democratic Yemen and Yemen merged to form a single State with the 
name 'Yemen'. 
15. Effective 2 October 1990, the Federal Republic of Germany and the German Democratic 
Republic united to form one sovereign State under the designation 'Germany'. 
16. Northern Europe region includes Channel Islands, Faeroe Islands and the Isle of Man. 
17. Southern Europe region includes Andorra, Gibraltar, Holy See and San Marino. 
18. Western Europe region includes Liechtenstein and Monaco. 
19. Oceania region includes: 
- in the vicinity of Australia: Cocos (Keeling) Islands, Christmas Island and Norfolk Island; 
- Melanesia including New Caledonia, Solomon Islands and Vanuatu; 
- Micronesia comprising Federal States of Micronesia, Guam, Johnston Island, Kiribati 
(which also includes Canton and Enderbury Islands), Marshall Islands, Midway Islands, 
Nauru, Northern Mariana Islands, Palau and Wake Islands; and 
- Polynesia comprising American Samoa, Cook Islands, French Polynesia, Niue, Pitcairn, 
Samoa, Tokelau, Tonga, Tuvalu and Wallis and Futuna Islands. 
20. Union of Soviet Socialist Republics. 
H-3 
Food requirement, domestic and industrial water demand per country, 
assuming LOW population growth scenario (2040) 
country 
code name 
REGION 1: SOUTH AMERICA 
32 Argentina 
68 Bolivia 
76 Brazil 
152 Chile 
170 Colombia 
218 Ecuador 
328 Guyana 
600 Paraguay 
604 Peru 
740 Suriname 
858 Uruguay 
862 Venezuela 
TOTAL REGION 1 
REGION 2: CENTRAL AMERICA 
188 Costa Rica 
222 El Salvador 
320 Guatemala 
340 Honduras 
484 Mexico 
558 Nicaragua 
591 Panama 
TOTAL REGION 2 
REGION 3: CARIBBEAN 
52 Barbados 
192 Cuba 
214 Dominican Republic 
312 Guadeloupe 
332 Haiti 
388 Jamaica 
474 Martinique 
630 Puerto Rico 
780 Trinidad and Tobago 
TOTAL REGION 3 
REGION 4: NORTHERN AMERICA 
124 Canada 
840 United States of America 
TOTAL REGION 4 
REGION 5: NORTHERN AFRICA 
12 Algeria 
434 Libyan Arab Jamahiriya 
504 Morocco 
736 Sudan 
788 Tunisia 
818 Egypt 
TOTAL REGION 5 
REGION 6: WESTERN AFRICA 
132 Cape Verde 
204 Benin 
population 
(million) 
food requirement 
(million ton/yr) 
diet 
tow 
diet 
high 
45.8 
15.4 
235.9 
20.2 
55.9 
19.1 
1.1 
8.4 
36.7 
0.6 
3.9 
38.1 
481.1 
5.4 
11.2 
20.5 
10.3 
142.1 
8.9 
3.9 
202.1 
0.3 
14.0 
11.3 
0.4 
12.2 
3.1 
0.4 
4.1 
1.9 
47.6 
26.3 
247.7 
274.1 
54.0 
12.9 
45.0 
61.1 
13.5 
90.0 
276.6 
0.9 
11.4 
40.2 
13.5 
206.7 
17.7 
49.0 
16.7 
1.0 
7.4 
32.1 
0.5 
3.4 
33.3 
421.5 
4.7 
9.8 
17.9 
9.0 
124.4 
7.8 
3.4 
177.0 
0.3 
12.2 
9.9 
0.3 
10.7 
2.7 
0.3 
3.6 
1.6 
41.7 
23.1 
217.0 
240.1 
47.3 
I 11.3 
| 39.4 
53.6 
| 11.8 
| 78.8 
I 242.3 
0.8 
| 10.0 
70.3 
23.6 
361.7 
31.0 
85.8 
292 
1.7 
12.9 
56.2 
1.0 
5.9 
58.4 
737.6 
8.2 
17.1 
31.4 
15.7 
217.8 
13.6 
5.9 
309.8 
0.5 
21.4 
17.3 
0.6 
18.7 
4.7 
0.6 
6.3 
2.9 
72.9 
40.4 
379.8 
420.1 
82.8 
19.8 
69.0 
93.7 
20.6 
138.0 
424.0 
1.4 
17.5 
| water demanc 
| per capita 
| domestic 
| l/cap/day 
| 261 
1 50 
| 250 
| 267 
| 201 
| 108 
| 209 
I 46 
| 153 
| 194 
| 40 
| 456 
| 85 
I 46 
I 34 
I 56 
| 148 
| 253 
| 245 
| 167 
| 214 
I 62 
I 62 
I 30 
| 30 
| 30 
I 30 
| 110 
| 740 
I 71 1 
I 97 
| 108 
l 82 
| 30 
| 116 
! 230 
I 36 
I 20 
industry 
l/cap/day 
522 
25 
99 
223 
78 
46 
0 
21 
73 
162 
20 
117 
149 
26 
65 
70 
198 
213 
224 
132 
48 
75 
75 
10 
30 
30 
30 
155 
2,879 
2,725 
18 
72 
41 
0 
62 
165 
8 
10 
| water demand 
| domestic 
| m3/s 
| 138.5 
| 9.0 
I 682.3 
| 62.5 
I 1302 
) 23.8 
1 2.7 
1 4.4 
| 65.0 
1 1-4 
I 1-8 
| 200.9 
| 1.322.5 
| 5.3 
| 6.0 
I 81 
| 6.6 
| 243.7 
| 26.0 
| 11.0 
| 306.7 
| 0.6 
| 34.6 
I 8.1 
| 0.3 
1 4.3 
1 1-1 
I 0.1 
I I -4 
1 2.4 
| 52.8 
| 225.6 
I 2,037.7 
I 2263.3 
I 60.7 
I 16.1 
| 43.0 
| 21.1 
| 18.1 
| 240.0 
| 398.9 
| 0.4 
I 2.6 
industry 
m3/s 
277.1 
4.5 
269.3 
52.1 
50.7 
102 
0.0 
2.1 
30.8 
12 
OS 
51.4 
750.3 
9.3 
3.4 
15.3 
8.3 
324.8 
21.8 
10.0 
392.9 
0.5 
7.7 
9.8 
0.3 
1.4 
1.1 
0.1 
1.4 
3.4 
25.6 
877.3 
7,8122 
8,689.5 
11.0 
10.7 
21.4 
0.0 
9.7 
171.5 
224.3 
0.1 
1.3 
total 
m3/s 
415.6 
13.5 
951.7 
114.6 
180.9 
33.9 
2.7 
6.5 
95.8 
2.6 
2.7 
252.3 
2,072.8 
14.6 
9.4 
23.5 
14.9 
568.5 
47.8 
21.0 
699.6 
1.0 
42.3 
17.9 
0.6 
5.7 
2.1 
0.3 
2.9 
5.8 
78.5 
1,102.9 
9,849.9 
10,952.9 
71.6 
26.8 
64.4 
21.1 
27.8 
411.5 
623.3 
0.5 
3.9 
H-4 
1 270 
1 288 
1 324 
1 384 
1 430 
1 466 
1 478 
1 562 
1 566 
1 624 
1 686 
1 694 
1 768 
1 854 
Gambia 
Ghana 
Guinea 
Cote d'Ivoire 
Liberia 
Mali 
Mauritania 
Niger 
Nigeria 
Guinea-Bissau 
Senegal 
Sierra Leone 
Togo 
Burkina Faso 
TOTAL REGION 6 
1 REGION 7: CENTRAL AFRICA 
1 24 
1 120 
I 140 
1 148 
1 178 
I 180 
| 226 
| 266 
Angola 
Cameroon 
Central African Rep. 
Chad 
Congo 
Zaire 
Equatorial Guinea 
Gabon 
TOTAL REGION 7 
| REGION 8: EASTERN AFRICA 
| 108 
| 174 
| 230 
| 262 
| 404 
| 450 
| 454 
| 480 
| 508 
| 638 
| 646 
| 706 
| 716 
| 800 
| 834 
| 894 
Burundi 
Comoros 
Ethiopia 
Djibouti 
Kenya 
Madagascar 
Malawi 
Mauritius 2) 
Mozambique 
Reunion 
Rwanda 
Somalia 
Zimbabwe 
Uganda 
United Rep. of Tanzania 
Zambia 
TOTAL REGION 8 
| REGION 9: SOUTHERN AFRICA 
I 72 
| 426 
| 516 
| 710 
| 748 
Botswana 
Lesotho 
Namibia 
South Africa 
Swaziland 
TOTAL REGION 9 
| REGION 10: OCEANIA 
| 36 
| 554 
| 242 
| 598 
Australia 
New Zealand 
Fiji 
Papua New Guinea 
TOTAL REGION 10 
| REGION 11: SOUTHEASTERN ASIA 
I 104 Myanmar 
1.9 
34.8 
157 
35.0 
6.6 
25.1 
4.7 
19.4 
252.0 
1.8 
17.3 
9.3 
9.1 
22.0 
466.4 
22.9 
33.0 
8.2 
12.5 
6.8 
103.3 
0.9 
2.6 
190.1 
12.9 
1.7 
123.2 
1.0 
77.3 
31.8 
24.7 
15 
36.4 
0.9 
18.9 
19.2 
22.7 
52.5 
85.5 
26.7 
537.0 
3.3 
4.6 
4.8 
73.8 
2.3 
88.7 
21.1 
3.7 
1.0 
6.4 
32.2 
65.0 
1.7 
30.5 
13.3 
30.6 
5.8 
22.0 
4.1 
17.0 
220.7 
1.5 
15.2 
8.1 
8.0 
197 
408.6 
20.0 
28.9 
7.1 
11.0 
6.0 
90.5 
0.8 
2.3 
166.6 
11.3 
1.5 
107.9 
0.9 
67.7 
27.8 
21.7 
1.3 
31.9 
0.8 
16.6 
16.8 
19.9 
46.0 
74.9 
23.4 
470.4 
2.9 
4.0 
4.2 
64.6 
2.0 
77.7 
18.5 
37 
0.9 
5.6 
28.2 
56.9 
2.9 
53.4 
23.3 
53.6 
107 
38.5 
77 
29.7 
386.3 
2.7 
26.5 
147 
13.9 
33.6 
715.0 
35.0 
50.6 
12.5 
197 
10.4 
158.4 
1.3 
4.0 
291.5 
19.8 
2.6 
188.9 
1.5 
118.5 
48.7 
37.9 
2.3 
55.8 
1.3 
29.0 
29.4 
34.9 
80.5 
131.1 
40.9 
8237 
5.1 
7.0 
7.3 
113.1 
3.5 
136.0 
32.3 
5.6 
1.5 
9.9 
49.3 
99.6 
6 
34 
32 
41 
40 
9 
156 
25 
37 
15 
28 
19 
68 
15 
16 
38 
16 
15 
34 
35 
24 
101 
20 
20 
15 
21 
36 
46 
21 
182 
35 
15 
14 
50 
18 
21 
148 
13 
21 
177 
57 
2.326 
478 
20 
20 
20 
2 
13 
10 
21 
19 
4 
52 
6 
18 
3 
16 
11 
14 
3 
12 
16 
4 
2 
15 
15 
4 
31 
0 
2 
4 
16 
15 
0 
10 
80 
15 
S 
0 
25 
4 
5 
26 
27 
21 
188 
23 
72 
104 
20 
15 
8 
0.1 
13.6 
5.5 
16.6 
3.1 
2.5 
8.5 
5.7 
108.7 
0.3 
5.5 
2.0 
7.1 
3.9 
186.3 
4.3 
14.4 
1.5 
2 7 
2.7 
41.9 
0 7 
3.1 
70.4 
2.9 
0.4 
20.7 
07 
31.9 
16.9 
5.9 
3.1 
14.7 
0.0 
3.3 
3.0 
13.1 
10.7 
20.6 
45.9 
193.3 
0.5 
1.1 
0.0 
151.1 
1.5 
1547 
567.1 
207 
0.2 
1.5 
589.0 
14.8 
0.0 
5.1 
1.7 
8.3 
1.5 
1.3 
2.8 
1.4 
52.7 
0.1 
3.3 
17 
1.5 
0.7 
82.9 
3.1 
6.0 
0.4 
0.3 
1.2 
18.0 
0.0 
0.9 
29.9 
0.0 
0.0 
5.5 
0 7 
13.0 
0.0 
2.9 
1.4 
6.1 
0.0 
1.1 
0.0 
6.5 
2.7 
4.9 
8.0 
527 
1.0 
1.1 
0.0 
160.7 
0.6 
163.4 
17.4 
4.4 
0.2 
1.1 
237 
6.4 
07 I 
18.7 | 
77 | 
24.9 | 
4.5 | 
3.8 I 
11.3 | 
7.0 | 
161.4 | 
0.4 | 
8.8 | 
37 | 
8.6 | 
4.6 | 
2697 | 
7.5 | 
20.4 | 
1.8 | 
2.5 | 
3.8 | 
59.9 | 
0.3 | 
4.0 I 
100.3 | 
2.9 I 
0.4 I 
267 I 
0.4 I 
44.9 I 
16.9 | 
8.8 I 
4.5 I 
20.8 I 
0.0 I 
4.4 I 
3.0 I 
19.5 I 
13.3 I 
25.5 I 
53.9 I 
245.5 I 
1.6 1 
27 1 
0.0 1 
311.8 I 
2.1 1 
317.6 I 
584.5 I 
24.6 I 
0.5 I 
2.6 I 
612.2 I 
21.2 I 
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116 Cambodia 
360 Indonesia 
418 Lao People's Dem. Rep. 
458 Malaysia 
608 Philippines 
626 East Timor 
702 Singapore 
704 Viel Nam 
764 Thailand 
TOTAL REGION 11 
REGION 12: EASTERN ASIA 
156 China 
344 Hong Kong 
392 Japan 
408 Dem. Poop. Rep. of Korea 
410 Republic of Korea 
496 Mongolia 
TOTAL REGION 12 
REGION 13: SOUTHERN ASIA 
50 Bangladesh 
64 Bhutan 
144 Sri Lanka 
356 India 
364 Islamic Rep. of Iran 
524 Nepal 
586 Pakistan 
4 Afghanistan 
TOTAL REGION 13 
REGION 14: WESTERN ASIA 
48 Bahrain 
196 Cyprus 
368 Iraq 
376 Israel 
400 Jordan 
414 Kuwait 
422 Lebanon 
512 Oman 
634 Qatar 
682 Saudi Arabia 
720 Democratic Yemen 14) 
760 Syrian Arab Rep. 
784 United Arab Emirates 
792 Turkey 
886 Yemen 14) 
TOTAL REGION 14 
REGION 15: (former) USSR 
810 Union of Soviet Soc. Rep. 
REGION 16: EASTERN EUROPE 
100 Bulgaria 
200 Czechoslovakia 
278 German Dem. Rep. 15) 
348 Hungary 
616 Poland 
642 Romania 
TOTAL REGION 16 
REGION 17: SOUTHERN EUROPE 
8 Albania 
13.2 
253.6 
7.8 
29.6 
104.7 
1.1 
3.1 
107.8 
71.7 
657.7 
1,290.8 
6.4 
123.0 
28.5 
49.3 
4.7 
1.502.8 
218.7 
2.9 
22.6 
1,307.8 
107.5 
32.0 
236.8 
36.3 
1,964.5 
0.9 
0.8 
44.5 
62 
9.3 
3.3 
42 
4.0 
0.7 
36.9 
5.3 
28.8 
2.3 
78.3 
23.5 
248.9 
323.2 
7.6 
14.5 
13.3 
8.6 
38.2 
21.9 
104.1 
4.2 
11.6 
222.1 
6.8 
25.9 
91.7 
1.0 
2.7 
94.5 
62.8 
576.1 
1,130.8 
5.6 
107.8 
25.0 
43.2 
4.1 
1,316.5 
191.5 
2.6 
19.8 
1,145.6 
94.2 
28.0 
207.4 
31.8 
1,720.9 
0.8 
0.7 
39.0 
5.4 
8.1 
2.9 
3.7 
3.5 
0.6 
32.3 
4.6 
252 
2.0 
68.6 
20.6 
218.0 
283.1 
6.6 
12.7 
11.6 
7.5 
33.5 
192 
912 
20.3 
388.7 
12.0 
45.4 
160.5 
1.7 
4.8 
165.3 
109.9 
1,0082 
1,978.8 
9.8 
188.6 
43.8 
75.6 
72 
2.303.8 
3352 
4.5 
34.6 
2,004.9 
164.8 
49.1 
363.0 
55.6 
3,011.5 
1.4 
12 
682 
9.5 
142 
5.0 
6.5 
6.1 
1.1 
56.6 
8.1 
44.1 
3.6 
120.0 
36.0 
381.6 
495.5 
11.6 
222 
20.4 
13.1 
58.6 
33.6 
159.5 
3.7 6.5 
10 
34 
50 
482 
342 
104 
29 
66 
76 
430 
497 
90 
82 
17 
15 
28 
50 
149 
17 
56 
39 
1,208 
155 
376 
196 
138 
18 
82 
46 
231 
396 
160 
86 
129 
208 
0 
219 
307 
239 
209 
124 
207 
251 
2 
29 
62 
629 
399 
117 
20 
98 
88 
835 
723 
114 
201 
6 
4 
28 
67 
336 
4 
56 
0 
725 
44 
627 
61 
28 
9 
30 
46 
167 
70 
64 
123 
106 
165 
10 
1,057 
1,666 
706 
1.015 
756 
776 
1,034 
15 46 
1.5 
100.5 
4.5 
1652 
414.1 
0.0 
3.8 
35.9 
545 
794.8 
1,133.8 
0.0 
612.1 
1642 
51.3 
4.4 
1.965.8 
43.7 
0.5 
72 
763.0 
185.8 
6.3 
153.9 
16.6 
1,177.0 
12.9 
1.5 
193.7 
14.1 
14.7 
0.7 
4.0 
2.1 
1.9 
1692 
9.8 
28.6 
3.5 
188.9 
0.1 
645.6 
26.9 
40.0 
32.1 
12.3 
91.6 
63.6 
266.5 
0.3 
852 
5.6 
215.5 
483.1 
0.0 
4.3 
25.0 
81.6 
907.0 
1,322.1 
0.0 
1,188.3 
238.8 
652 
10.9 
2,825.3 
14.6 
0.1 
72 
1.016.0 
417.9 
1.6 
153.9 
0.0 
1,611.4 
7.8 
0.4 
322.8 
4.4 
3.1 
0.3 
1.5 
2.1 
1.4 
30.1 
3.9 
40.9 
2.8 
149.4 
2.8 
573.7 
145.9 
118.4 
156.1 
75.0 
343.5 
262.3 
1,101.1 
1.8 
185.7 
10.1 
380.7 
8972 
0.0 
8.0 
60.9 
136.1 
1,701.8 
2,455.9 
0.0 
1,800.4 
403.0 
116.5 
15.3 
4,7912 
U 5 
582 
1,779.1 
603.7 
7.9 
307.8 
16.6 
2.788.4 
20.7 
1.9 
516.5 
18.5 
17.8 
1.0 
5.5 
4.2 
3.3 
199.3 
13.7 
69.6 
6.3 
338.3 
2.9 
1.219.3 
817.8 3,952.9 4.770.7 
172.8 
158.4 
188.2 
872 
435.1 
325.8 
1.367.6 
0.7 2.3 3.0 
H-6 
1 300 
1 380 
1 470 
1 620 
1 724 
1 890 
Greece 
Italy 
Malta 
Portugal 
Spain 
Yugoslavia 
TOTAL REGION 17 
1 REGION 18: WESTERN EUROPE 
I 40 
I 56 
| 250 
| 280 
| 442 
| 528 
| 756 
Austria 
Belgium 
France 
Germany, Fed. Rep. 15) 
Luxembourg 
Netherlands 
Switzerland 
TOTAL REGION 18 
| REGION 19: NORTHERN EUROPE 
| 208 
| 246 
| 352 
| 372 
| 578 
| 752 
| 826 
Denmark 
Finland 
Iceland 
Ireland 
Norway 
Sweden 
United Kingdom 
TOTAL REGION 19 
| WORLD 
8.7 
46.0 
0.3 
9.3 
35.4 
22.3 
126.3 
6.3 
7.3 
51.4 
46.7 
0.3 
14.1 
52 
131.4 
42 
4.4 
0.3 
4.2 
3.8 
7.3 
50.6 
74.8 
7.729.5 
7.6 
40.3 
0.3 
8.2 
31.0 
19.5 
110.7 
5.5 
6.4 
45.0 
40.9 
0.3 
12.3 
4.6 
115.1 
3.7 
3.8 
0.2 
3.7 
3.4 
6.4 
44.4 
65.5 
6,771.0 
13.4 
70.6 
0.5 
14.3 
54.3 
342 
193.7 
9.6 
11.3 
78.8 
71.6 
0.5 
21.6 
8.0 
201.4 
6.4 
6.7 
0.4 
6.5 
5.9 
11.2 
77.6 
114.7 
11,849.2 
159 
311 
142 
436 
224 
172 
217 
276 
266 
184 
191 
138 
316 
228 
255 
296 
59 
268 
472 
278 
577 
600 
15 
1.076 
486 
775 
834 
2,136 
1,145 
1.287 
205 
1,678 
1,004 
205 
1.802 
602 
274 
965 
722 
1,070 
16.1 
165.7 
0.5 
47.0 
91.9 
44.5 
366.4 
15.8 
23.5 
158.1 
99.4 
0.7 
22.4 
192 
339.0 
11.0 
12.9 
0.9 
2.9 
11.9 
39.9 
162.8 
242.4 
12,152.8 
582 
319.7 
0.1 
115.9 
1992 
200.0 
895.3 
60.6 
181.5 
681.3 
695.7 
0.7 
273.6 
61.0 
1,954.4 
9.9 
91.2 
1.8 
13.4 
42.9 
61.0 
626.9 
8472 
25,102.6 
74.3 | 
485.4 | 
0.6 | 
162.9 | 
291.1 | 
244.5 | 
1261.7 | 
76.4 | 
204.9 | 
839.3 | 
795.1 | 
1.4 | 
296.0 I 
802 I 
2293.4 | 
20.9 I 
104.1 I 
2.7 I 
16.3 I 
54.8 I 
101.0 I 
789.8 I 
1,089.6 I 
37255.4 I 
H-7 
Food requirement, domestic and industrial water demand per country, 
assuming MEDIUM population growth scenario (2040) 
| country 
| code name 
| REGION 1: SOUTH AMERICA 
| 32 Argentina 
| 68 Bolivia 
| 76 Brazil 
| 152 Chile 
| 170 Colombia 
| 218 Ecuador 
| 328 Guyana 
| 600 Paraguay 
| 604 Peru 
| 740 Suriname 
| 858 Uruguay 
| 862 Venezuela 
| TOTAL REGION 1 
| REGION 2: CENTRAL AMERICA 
| 188 Costa Rica 
| 222 El Salvador 
| 320 Guatemala 
| 340 Honduras 
| 484 Mexico 
| 558 Nicaragua 
| 591 Panama 
| TOTAL REGION 2 
| REGION 3: CARIBBEAN 
| 52 Barbados 
| 192 Cuba 
| 214 Dominican Republic 
| 312 Guadeloupe 
| 332 Haiti 
| 388 Jamaica 
| 474 Martinique 
| 630 Puerto Rico 
| 780 Trinidad and Tobago 
| TOTAL REGION 3 
| REGION 4: NORTHERN AMERICA 
| 124 Canada 
| 840 United States of America 
| TOTAL REGION 4 
| REGION 5: NORTHERN AFRICA 
| 12 Algeria 
I 434 Libyan Arab Jamahiriya 
| 504 Morocco 
| 736 Sudan 
| 788 Tunisia 
I 818 Egypt 
I TOTAL REGION 5 
I REGION 6: WESTERN AFRICA 
I 132 Cape Verde 
I 204 Benin 
population 
(million) 
51.4 
20.7 
277.8 
22.3 
61.3 
22.5 
1.3 
10.4 
427 
0.8 
4.2 
42.9 
557.8 
5.9 
12.8 
24.5 
13.0 
169.6 
10.4 
4.4 
240.6 
0.3 
14.7 
12.9 
0.4 
15.0 
3.9 
0.5 
5.2 
2.2 
55.1 
31.5 
296.3 
327.9 
65.0 
16.1 
57.1 
74.6 
17.1 
113.1 
342.9 
1.2 
15.7 
food requirement 
(million ton/yr] 
diet 
low 
45.1 
18.1 
243.4 
19.6 
53.7 
19.7 
1.1 
9.1 
37.0 
0.7 
3.7 
37.6 
488.6 
5.2 
117 
21.5 
11.4 
148.6 
9.1 
3.8 
210.8 
0.3 
12.9 
113 
0.4 
13.1 
3.4 
0.4 
4.5 
2.0 
48.3 
27.6 
259.6 
2877 
56.9 
14.1 
50.0 
65.3 
14.9 
99.0 
300.4 
1.0 
13.8 
diet 
high 
78.8 
31.7 
425.9 
34.3 
93.9 
34.5 
2.0 
15.9 
64.7 
1.1 
6.4 
65.8 
855.1 
9.1 
19.6 
37.5 
19.9 
260.0 
16.0 
6.7 
368.8 
0.5 
22.5 
19.8 
0.7 
22.9 
6.0 
0.7 
7.9 
3.4 
84.5 
48.4 
4547 
502.6 
99.6 
24.6 
87.6 
114.3 
26.1 
173.3 
525.6 
1.8 
24.1 
water demand 
per capita 
domestic 
l/cap/day 
261 
so 
250 
267 
201 
108 
209 
46 
153 
194 
40 
456 
85 
46 
34 
56 
148 
253 
245 
167 
214 
62 
62 
30 
30 
30 
30 
110 
740 
711 
97 
108 
82 
30 
116 
230 
36 
20 
industry 
l/cap/day 
522 
25 
99 
223 
78 
46 
0 
21 
73 
162 
20 
117 
149 
26 
65 
70 
198 
213 
224 
132 
48 
75 
75 
10 
30 
30 
30 
155 
2.879 
2.725 
18 
72 
41 
0 
62 
165 
8 
10 
water demand 
domestic 
m3/s 
155.4 
12.1 
803.4 
69.1 
142.6 
28.1 
37 
5.5 
74.8 
1.7 
15 
226.6 
1,524.3 
5.9 
6.8 
9.7 
8.4 
290.9 
30.6 
12.4 
364.7 
0.6 
36.4 
9.3 
0.3 
57 
1.4 
07 
1.8 
25 
58.0 
270.3 
2,437.3 
2,707.5 
73.0 
20.0 
54.5 
25.8 
22.9 
301.5 
497.6 
0.5 
3.6 
industry 
m3/s 
310.8 
6.0 
317.1 
57.6 
55.5 
12.0 
0.0 
2.6 
35.5 
1.4 
1.0 
58.0 
857.6 
10.3 
3.9 
18.3 
10.5 
387.8 
25.7 
11.3 
467.7 
0.5 
8.1 
117 
0.4 
1.8 
1.4 
0.2 
1.8 
4.0 
29.3 
1,050.9 
9,3447 
10,395.1 
13.2 
13.3 
277 
0.0 
12.3 
215.5 
281.5 
0.1 
1.8 
total | 
m3/s | 
4663 | 
18.1 | 
1,120.6 | 
126.7 | 
198.1 | 
40.1 | 
37 | 
8.1 | 
1103 | 
3.1 | 
25 | 
284.6 | 
2,3815 | 
16.1 | 
10.7 | 
28.0 | 
185 | 
678.7 | 
567 | 
23.7 | 
832.4 | 
17 | 
44.5 | 
20.5 | 
0.7 | 
7.0 | 
2.7 | 
0.3 | 
3.6 | 
65 | 
87.3 | 
1,3217 | 
11,781.5 | 
13,102.7 | 
867 | 
33.4 | 
81.7 | 
25.8 | 
357 | 
516.9 | 
779.1 | 
0.6 | 
5.4 i 
H-8 
1 270 
1 283 
1 324 
1 384 
j 430 
| 466 
| 478 
| 562 
| 566 
) 624 
| 686 
| 694 
| 768 
| 854 
Gambia 
Ghana 
Guinea 
Cote cf Ivoire 
Liberia 
Mall 
Mauritania 
Niger 
Nigeria 
Guinea-Bissau 
Senegal 
Sierra Leone 
Togo 
Burkina Faso 
TOTAL REGION 6 
| REGION 7: CENTRAL AFRICA 
I 24 
1 120 
I 140 
I 148 
1 178 
I 180 
| 226 
| 266 
Angola 
Cameroon 
Central African Rep. 
Chad 
Congo 
Zaire 
Equatorial Guinea 
Gabon 
TOTAL REGION 7 
| REGION 8: EASTERN AFRICA 
| 108 
| 174 
| 230 
| 262 
| 404 
| 450 
| 454 
| 480 
| 508 
| 638 
| 646 
| 706 
| 716 
| 800 
| 834 
| 894 
Burundi 
Comoros 
Ethiopia 
Djibouti 
Kenya 
Madagascar 
Malawi 
Mauritius 2) 
Mozambique 
Reunion 
Rwanda 
Somalia 
Zimbabwe 
Uganda 
United Rep. of Tanzania 
Zambia 
TOTAL REGION 8 
| REGION 9: SOUTHERN AFRICA 
I 72 
| 426 
| 516 
| 710 
| 748 
Botswana 
Lesotho 
Namibia 
South Africa 
Swaziland 
TOTAL REGION 9 
| REGION 10: OCEANIA 
| 36 
| 554 
| 242 
| 598 
Australia 
New Zealand 
Fiji 
Papua New Guinea 
TOTAL REGION 10 
| REGION 11. SOUTHEASTERN ASIA 
| 104 Myanmar 
2.3 
44.3 
19.1 
495 
9.1 
31.0 
6.4 
263 
351.5 
2.4 
21.3 
12.6 
12.3 
29.7 
634.9 
16.2 
2.1 
158.4 
1.4 
99.0 
42.6 
30.9 
1.8 
44.3 
1.1 
23.6 
23.4 
28.3 
66.5 
106.2 
32.9 
678.7 
4.3 
5.5 
5.9 
81.8 
2.8 
100.3 
24.1 
4.3 
1.2 
7.6 
375 
82.0 
I 2.0 
I 38.8 
I 16.7 
I 43.1 
I 7.9 
I 27.2 
l 5.6 
| 23.5 
| 307.9 
I 2.1 
I 18.6 
I 11.0 
I 10.8 
I 26.0 
I 556.2 
I 27.1 
I 40.1 
I 8.7 
I 14.5 
I 75 
| 108.9 
I 0.9 
I 3.2 
I 210.6 
I 14.2 
I 1-9 
I 138.8 
1 1-2 
1 86.7 
I 37.3 
I 27.1 
I 1.6 
I 38.8 
I 1-0 
I 20.7 
I 20.5 
I 24.8 
I 562 
I 93.1 
| 28.8 
| 594.6 
1 3.7 
! 4.9 
1 5.1 
I 71.6 
I 2.5 
I 87.8 
| 21.1 
I 3.8 
I 1-0 
1 6.7 
| 32.6 
I 71.9 
3.6 
68.0 
29.3 
75.4 
13.9 
47.5 
9.8 
415 
538.8 
3.7 
32.6 
19.3 
18.9 
45.5 
973.3 
47.4 
70.1 
155 
25 4 
12.6 
190.6 
1.6 
5.5 
368.5 
24.9 
3.3 
242.9 
2.1 
151.7 
65.2 
47.4 
2.7 
67.9 
1.7 
36.2 
35.9 
43.4 
101.9 
162.9 
50.4 
1,040.5 
6.5 
8.5 
9.0 
125.4 
4.3 
153.7 
37.0 
6.6 
1.8 
11.7 
57.1 
125.7 
I 6 
I 34 
I 32 
I 41 
| 40 
1 » 
| 156 
I 25 
I 37 
I 15 
| 28 
I 19 
I 68 
I 15 
1 16 
| 38 
I 16 
I 15 
I 34 
I 35 
I 24 
| 101 
I 20 
I 20 
I 15 
I 21 
i 36 
1 46 
1 21 
| 182 
I 35 
I 15 
1 14 
1 50 
1 18 
I 21 
| 148 
| 13 
| 21 
1 177 
I 57 
I 2.326 
| 478 
| 20 
| 20 
I 20 
2 
13 
10 
21 
19 
4 
52 
6 
IS 
3 
16 
11 
14 
3 
12 
16 
4 
2 
15 
15 
4 
31 
0 
2 
4 
16 
15 
0 
10 
80 
15 
5 
0 
25 
4 
5 
26 
27 
21 
188 
23 
72 
104 
20 
15 
8 
I 0.2 
I 17.3 
I 7.0 
I 23.4 
I 4.2 
I 3.1 
I 11.5 
I 7.8 
I 151.6 
1 0.4 
I 6.8 
I 2.7 
1 9.7 
I 5.3 
I 255.2 
1 5.9 
I 20.0 
1 1-8 
I 2.9 
I 32 
I 50.5 
I 0.3 
I 45 
I 88.8 
I 3.7 
I 0.5 
I 26.6 
I 0.3 
I 40.8 
I 22.7 
I 7.4 
I 3.7 
I 17.8 
I 0.0 
I 4.1 
1 3.7 
I 165 
I 13.5 
I 25.6 
I 56.5 
I 2435 
I 0.7 
I 1-3 
I 0.0 
I 167.5 
I 1-8 
I 171.4 
I 6495 
I 23.8 
I 0-3 
I 1-8 
I 675.1 
I 18.7 
0.1 
6.5 
2.1 
11.7 
2.0 
1.6 
3.8 
1.9 
73.6 
0.1 
4.0 
1.6 
2.0 
0.9 
113.8 
4 5 
8.3 
0.4 
0.4 
1.4 
21.7 
0.0 
13 
37.7 
0.0 
0.1 
7.0 
0.3 
16.6 
0.0 
3.6 
1.6 
7.4 
0.0 
1.3 
0.0 
8.1 
3.4 
6.1 
9.9 
65.5 
13 
1.3 
0.0 
1785 
0.7 
181.5 
20.0 
55 
0.3 
1.3 
26.7 
8.1 
05 
23.8 
9.1 
35.1 
65 
4.7 
15.4 
9.7 
225.1 
0.5 
10.9 
4.3 
11.7 
65 
369.0 
10.1 
28.3 
25 
3.3 
4.6 
72.1 
0.3 
5.5 
126.5 
3.7 
0.5 
33.7 
0.6 
57.4 
22.7 
11.0 
5.4 
25.3 
0.0 
5.5 
3.7 
24.3 
16.9 
31.7 
66.4 
308.7 
2.0 
2.6 
0.0 
345.7 
2.6 
352.9 
6695 
29.0 
0.6 
3.1 
701.9 
26.8 
H-9 
1 116 
I 360 
l 418 
I 458 
I 608 
I 626 
| 702 
| 704 
| 764 
Cambodia 
Indonesia 
Lao People's Dem. Rep. 
Malaysia 
Philippines 
East Timor 
Singapore 
Viet Nam 
Thailand 
TOTAL REGION 11 
| REGION 12: EASTERN ASIA 
| 156 
| 344 
| 392 
| 408 
| 410 
| 496 
China 
Hong Kong 
Japan 
Dem. Peop. Rep. of Korea 
Republic of Korea 
Mongolia 
TOTAL REGION 12 
| REGION 13: SOUTHERN ASIA 
| 50 
I 64 
| 144 
| 356 
| 364 
| 524 
| 586 
1 4 
Bangladesh 
Bhutan 
Sri Lanka 
India 
Islamic Rep. of Iran 
Nepal 
Pakistan 
Afghanistan 
TOTAL REGION 13 
| REGION 14: WESTERN ASIA 
I 48 
| 196 
| 368 
| 376 
| 400 
| 414 
| 422 
| 512 
| 634 
| 682 
| 720 
| 760 
| 784 
| 792 
| 886 
Bahrain 
Cyprus 
Iraq 
Israel 
Jordan 
Kuwait 
Lebanon 
Oman 
Qatar 
Saudi Arabia 
Democratic Yemen 14) 
Syrian Arab Rep. 
United Arab Emirates 
Turkey 
Yemen 14) 
TOTAL REGION 14 
| REGION 15: (former) USSR 
| 810 Union of Soviet Soc. Rep. 
| REGION 16: EASTERN EUROPE 
I 100 
I 200 
I 278 
I 348 
I 616 
I 642 
Bulgaria 
Czechoslovakia 
German Dem. Rep. 15) 
Hungary 
Poland 
Romania 
TOTAL REGION 16 
I REGION 17: SOUTHERN EUROPE 
I 8 Albania 
15.8 
322.9 
9.7 
34.0 
125.9 
1.3 
3.7 
132.7 
91.4 
819.6 
1.1 
1.0 
56.5 
7.8 
11.2 
4.3 
5.3 
5.4 
1.0 
50.5 
72 
38.5 
3.0 
99.1 
31.8 
323.6 
369.0 
8.6 
16.6 
15.2 
9.9 
43.6 
24.9 
118.8 
4.8 
| 13.8 
I 282.9 
I 8.5 
I 29.8 
I 110.3 
I 11 
I 3.3 
I 116.2 
I 80.1 
1 717.9 
I 1.329.8 
I 6.4 
| 126.1 
| 32.7 
| 51.1 
I 4.8 
| 1.550.9 
| 232.5 
| 3.0 
| 24.3 
| 1.398.1 
| 112.6 
| 34.6 
| 264.3 
| 40.0 
| 2,109.5 
I 1 ° 
| 0.9 
| 49.5 
| 6.8 
| 9.8 
I 3.7 
I 4.7 
I 4.7 
| 0.9 
| 44.3 
| 6.3 
I 33.7 
I 26 
I 86.8 
I 27.9 
I 283.5 
I 3232 
I 7.6 
| 14.5 
| 13.4 
| 8.6 
| 38.2 
| 21.8 
| 104.1 
I 4.2 
242 
495.1 
14.9 
52.1 
193.1 
2.0 
5.7 
203.4 
140.1 
1.256.4 
2.327.1 
112 
220.8 
572 
89.4 
8.4 
2.714.0 
406.9 
5.3 
42.5 
2.446.7 
197.1 
60.6 
462.5 
70.1 
3,691.7 
1.7 
1.5 
86.6 
12.0 
17.1 
6.5 
8.1 
82 
1.5 
77.5 
11.1 
59.0 
4.6 
151.9 
48.8 
496.1 
565.7 
13.3 
25.5 
23.4 
15.1 
66.8 
38.1 
182.1 
7.4 
10 
34 
50 
482 
342 
104 
29 
66 
76 
430 
497 
90 
82 
17 
15 
28 
50 
149 
17 
56 
39 
1208 
155 
376 
196 
138 
18 
82 
46 
231 
396 
160 
86 
129 
208 
0 
2 
29 
62 
629 
399 
117 
20 
98 
88 
835 
723 
114 
201 
6 
4 
28 
67 
336 
4 
56 
0 
725 
44 
627 
61 
28 
9 
30 
46 
167 
70 
64 
123 
106 
165 
10 
1.8 
128.0 
5.6 
189.8 
498.0 
0.0 
4.5 
442 
69.6 
9602 
1,333.4 
0.0 
716.5 
214.8 
60.7 
52 
2.330.5 
53.0 
0.6 
8.9 
9312 
2222 
7.8 
196.1 
20.9 
1,440.7 
15.8 
1.8 
245.8 
17.7 
17.8 
0.9 
5.0 
2.9 
2.6 
231.6 
13.4 
38.3 
4.5 
239.0 
0.1 
8372 
0.4 
108.5 
7.0 
247.5 
581.1 
0.0 
5.1 
30.7 
104.0 
1,092.5 
1,554.8 
0.0 
1,390.9 
312.4 
77.1 
12.7 
3.347.9 
17.7 
02 
8.9 
1239.9 
499.8 
2.0 
196.1 
0.0 
1,964.6 
9.5 
0.5 
409.7 
5.5 
3.7 
0.4 
1.8 
2.9 
1.9 
412 
5.3 
54.8 
3.7 
189.1 
3.8 
733.8 
2.1 
236.6 
12.6 
437.4 
1,079.1 
0.0 
9.6 
74.9 
173.6 
2,052.7 
2,888.1 
0.0 
2,107.4 
5272 
137.8 
17.9 
5,678.3 
70.7 
0.8 
17.8 
2,171.1 
722.0 
9.8 
3922 
205 
3,405.3 
252 
2.3 
655.5 
232 
21.4 
1.3 
6.8 
5.7 
4.5 
272.8 
18.7 
93.1 
8.1 
428.1 
3.9 
1,570.9 
15 46 
933.7 4,513.0 5,446.8 
307 
239 
209 
124 
207 
251 
1.666 
706 
1.015 
756 
776 
1,034 
30.7 
45.9 
36.9 
14.1 
104.3 
722 
304.1 
166.7 
135.7 
179.1 
86.3 
3912 
2975 
1,256.9 
197.4 
181.6 
216.0 
100.4 
495.5 
370.1 
1.561.0 
0.9 2.6 3.5 
H-10 
I 300 
I 380 
I 470 
| 620 
| 724 
| 890 
Greece 
Kaly 
Malta 
Portugal 
Spain 
Yugoslavia 
TOTAL REGION 17 
| REGION 18: WESTERN EUROPE 
| 40 
1 56 
| 250 
| 280 
| 442 
| 528 
| 756 
Austria 
Belgium 
France 
Germany, Fed. Rep. 15} 
Luxembourg 
Netherlands 
Switzerland 
TOTAL REGION 18 
| REGION 19: NORTHERN EUROPE 
| 208 
| 246 
| 352 
| 372 
| 578 
| 752 
| 826 
Denmark 
Finland 
Iceland 
Ireland 
Norway 
Sweden 
United Kingdom 
TOTAL REGION 19 
| WORLD 
9.7 
51.2 
0.4 
10.6 
40.9 
25.1 
142.7 
7.1 
9.1 
58.4 
53.3 
0.3 
16.3 
6.6 
151.0 
4.7 
4.9 
0.3 
4.8 
4.4 
8.3 
57.7 
85.1 
9.404.0 
8.5 
44.8 
0.3 
9.3 
35.8 
22.0 
125.0 
62 
7.9 
51.1 
46.7 
0.3 
14.2 
5.7 
132.3 
4.1 
4.3 
0.3 
4.2 
3.8 
7.3 
50.5 
74.5 
8,237.9 
14.9 
78.5 
0.6 
16.2 
62.6 
38.5 
218.8 
10.9 
13.9 
89.5 
81.7 
0.5 
24.9 
10.1 
231.4 
7.2 
7.6 
0.5 
7.3 
6.7 
12.7 
88.4 
130.4 
14,416.4 
159 
311 
142 
436 
224 
172 
217 
276 
266 
184 
191 
138 
316 
228 
255 
296 
59 
268 
472 
278 
577 
600 
15 
1.076 
486 
775 
834 
2,136 
1,145 
1.287 
205 
1.678 
1,004 
205 
1.802 
602 
274 
965 
722 
1.070 
17.9 
184.3 
0.6 
53.4 
106.0 
50.1 
413.2 
17.8 
29.0 
179 J 
113.4 
0.8 
25.9 
24.0 
390.4 
12.4 
14.6 
1.0 
3.3 
13.5 
45.4 
185.4 
275.6 
14,471.3 
65.0 
355.5 
0.1 
131.8 
229.7 
225.4 
1,010.1 
68.5 
223.9 
773.7 
793.8 
0.8 
315.7 
76.3 
2.252.7 
11.2 
103.2 
2.1 
15.2 
48.6 
69.3 
713.9 
963.5 
29.591.3 
83.0 | 
539.8 | 
0.7 | 
1857 | 
335.6 | 
275.5 | 
1.423.3 | 
86.3 | 
252.8 | 
953.2 | 
9072 | 
1.6 | 
341.6 | 
100.3 | 
2.643.1 | 
23.6 | 
117.8 | 
3.1 | 
18.5 | 
62.1 | 
114.7 | 
899.3 | 
1.239.0 | 
44,062.6 | 
H-11 
Food requirement, domestic and industrial water demand per country, 
assuming HIGH population growth scenario (2040) 
| country 
I code name 
| REGION 1: SOUTH AMERICA 
| 32 Argentina 
| 68 Bolivia 
| 76 Brazil 
| 152 Chile 
| 170 Colombia 
| 218 Ecuador 
| 328 Guyana 
| 600 Paraguay 
| 604 Peru 
| 740 Suriname 
| 858 Uruguay 
| 862 Venezuela 
| TOTAL REGION 1 
| REGION 2: CENTRAL AMERICA 
| 188 Costa Rica 
| 222 El Salvador 
| 320 Guatemala 
| 340 Honduras 
| 484 Mexico 
| 558 Nicaragua 
| 591 Panama 
| TOTAL REGION 2 
| REGION 3: CARIBBEAN 
| 52 Barbados 
| 192 Cuba 
| 214 Dominican Republic 
| 312 Guadeloupe 
| 332 Haiti 
| 388 Jamaica 
| 474 Martinique 
| 630 Puerto Rico 
| 780 Trinidad and Tobago 
| TOTAL REGION 3 
| REGION 4: NORTHERN AMERICA 
| 124 Canada 
| 840 United States of America 
| TOTAL REGION 4 
| REGION 5: NORTHERN AFRICA 
i 12 Algeria 
I 434 Libyan Arab Jamahiriya 
I 504 Morocco 
I 736 Sudan 
I 788 Tunisia 
I 818 Egypt 
I TOTAL REGION 5 
I REGION 6: WESTERN AFRICA 
1 132 Cape Verde 
I 204 Benin 
population 
(million) 
60.0 
267 
336.7 
25.0 
68.0 
28.2 
1.6 
12.7 
49.5 
0.9 
4.6 
49.4 
662.9 
6.7 
14.4 
30.2 
18.2 
194.2 
12.8 
5.1 
281.7 
0.4 
16.4 
15.8 
0.6 
17.7 
4.7 
0.6 
6.3 
2.7 
65.1 
37.7 
360.0 
397.6 
76.5 
19.3 
70.3 
94.3 
21.6 
136.6 
418.5 
I 1 4 
19.6 
food requirement 
(million ton/yr 
diet 
low 
52.6 
23.0 
294.9 
21.9 
59.5 
24.7 
1.4 
11.2 
43.4 
0.8 
4.1 
43.2 
580.7 
5 9 
12.6 
26.5 
15.9 
170.2 
11.3 
4.4 
246.8 
0.3 
14.4 
13.8 
0.5 
15.5 
4.1 
0.5 
5.5 
2.3 
57.0 
33.0 
315.3 
348.3 
67.0 
16.9 
61.6 
82.6 
18.9 
119.7 
366.6 
1.2 
175 
diet | 
high | 
92.0 
40.2 
516.1 
38.3 
104.2 
43.3 
2.5 
19.5 
76.0 
1.4 
7.1 
75.7 
1,016.2 
10.3 
22.1 
46.3 
27.9 
297.8 
19.7 
7.8 
431.9 
0.6 
257 
247 
0.9 
277 
7.1 
0.9 
9.6 
4.1 
99.8 
57.7 
551.9 
609.6 
117.2 
29.6 
107.8 
144.5 
33.1 
209.4 
641.6 
2.1 
30.0 
water demand 
per capita 
domestic 
l/cap/day 
261 
50 
250 
267 
201 
108 
209 
46 
153 
194 
40 
456 
85 
46 
34 
56 
148 
253 
245 
167 
214 
62 
62 
30 
30 
30 
30 
110 
740 
711 
97 
108 
82 
30 
116 
230 
I 36 
I 20 
industry | 
l/cap/day | 
522 
25 
99 
223 
78 
46 
0 
21 
73 
162 
20 
117 
149 
26 
65 
70 
198 
213 
224 
132 
48 
75 
75 
10 
30 
30 
30 
155 
2,879 
2,725 
18 
72 
41 
0 
62 
165 
8 
10 
| water demand 
domestic 
m3/s 
| 181.4 
I 15.3 
| 973.7 
I 777 
| 1587 
I 357 
I 3.9 
1 6.7 
1 87.8 
1 2.0 
1 2.1 
I 260.5 
I 1.804.0 
1 67 
1 7.7 
I 12.0 
I 11.7 
I 3337 
I 37.7 
| 14.4 
I 423.3 
| 0.8 
| 40.7 
| 11.4 
I 0.4 
I 67 
I 1<6 
| 07 
I 27 
I 3.4 
| 66.8 
I 322.6 
I 2.961.1 
I 3783.7 
I 85.8 
I 24.1 
1 67.1 
I 32.6 
I 29.0 
I 364.3 
I 602.8 
I 0.6 
I 45 
industry 
m3/s 
362.9 
7.7 
384.3 
64.4 
61.6 
15.0 
0.0 
3.1 
41.6 
1.7 
1.1 
66.7 
1,010.1 
11.7 
4.4 
22.6 
14.6 
444.1 
31.6 
137 
5427 
0.6 
9.1 
13.6 
0.5 
2.1 
1.6 
07 
27 
4.8 
34.7 
1754.6 
11,352.3 
12,606.9 
15.5 
16.0 
33.4 
0.0 
15.6 
260.3 
340.9 
0.1 
27 
total 
m3/s 
544.3 
23.0 
1.358.0 
141.5 
219.8 
507 
3.9 
9.9 
129.5 
3.7 
37 
3277 
2,8147 
18.3 
12.1 
34.6 
26.3 
777.3 
69.3 
27.5 
965.5 
1.4 
49.7 
25.0 
1.0 
8.3 
37 
0.4 
44 
87 
101.5 
1,5777 
14,313.3 
15,890.6 
101.3 
40.1 
100.5 
32.6 
44.6 
624.6 
943.7 
0.7 
6.8 
H-12 
I 270 
I 288 
I 324 
| 384 
( 430 
| 466 
| 478 
| 562 
| 566 
| 624 
| 686 
| 694 
| 768 
| 854 
Gambia 
Ghana 
Guinea 
Cote d'Ivoire 
Liberia 
Mali 
Mauritania 
Niger 
Nigeria 
Guinea-Bissau 
Senegal 
Sierra Leone 
Togo 
Burkina Faso 
TOTAL REGION 6 
| REGION 7: CENTRAL AFRICA 
I 24 
| 120 
| 140 
| 148 
| 178 
| 180 
| 226 
| 266 
Angola 
Cameroon 
Central African Rep. 
Chad 
Congo 
Zaire 
Equatorial Guinea 
Gabon 
TOTAL REGION 7 
| REGION 8: EASTERN AFRICA 
| 108 
| 174 
| 230 
| 262 
| 404 
| 450 
| 454 
| 480 
| 508 
| 638 
| 646 
| 706 
| 716 
| 800 
| 834 
I 894 
Burundi 
Comoros 
Ethiopia 
Djibouti 
Kenya 
Madagascar 
Malawi 
Mauritius 2) 
Mozambique 
Reunion 
Rwanda 
Somalia 
Zimbabwe 
Uganda 
United Rep. of Tanzania 
Zambia 
TOTAL REGION 8 
| REGION 9: SOUTHERN AFRICA 
1 72 
| 426 
| 516 
| 710 
| 748 
Botswana 
Lesotho 
Namibia 
South Africa 
Swaziland 
TOTAL REGION 9 
| REGION 10: OCEANIA 
I 36 
| 554 
I 242 
| 598 
Australia 
New Zealand 
Fiji 
Papua New Guinea 
TOTAL REGION 10 
| REGION 11: SOUTHEASTERN ASIA 
I 104 Myanmar 
2.8 
55.4 
23.7 
622 
11.0 
36.9 
7.6 
33.7 
450.1 
3.0 
25.0 
15.0 
15.0 
352 
797.6 
37.7 
56.5 
11.8 
19.9 
9.6 
144.5 
1.2 
4.5 
285.6 
20.4 
2.6 
206.1 
1.7 
118.3 
51.6 
37.4 
2.1 
55.7 
1.4 
31.2 
27.6 
33.4 
85.6 
127.4 
39.1 
841.6 
5.2 
6.5 
7.0 
100.5 
34 
122.5 
29.0 
5.1 
1.4 
89 
44.5 
101.6 
2.4 
48.5 
20.7 
54.5 
9.6 
32.4 
6.7 
29.5 
394.3 
2.6 
21.9 
13.1 
13.1 
30.9 
698.7 
33.0 
49.5 
10.3 
17.4 
8.4 
126.6 
1.0 
3.9 
250.2 
17.9 
2.3 
180.6 
15 
103.6 
45.2 
32.7 
1.8 
48.8 
1.2 
27.4 
242 
29.3 
75.0 
111.6 
345 
737.3 
4.6 
5.7 
6.1 
88.0 
3.0 
107.4 
25.4 
4.5 
1.3 
7.8 
39.0 
89.0 
42 
84.9 
36.3 
95.4 
16.8 
56.6 
11.7 
51.7 
690.0 
4.6 
38.4 
23.0 
22.9 
54.0 
1.222.7 
57.8 
86.5 
18.0 
30.5 
14.7 
221.5 
1.8 
6.9 
437.8 
31.3 
4.0 
316.0 
2.6 
181.4 
79.1 
57.3 
3.2 
85.3 
22 
47.9 
42.3 
51.3 
131.3 
195.4 
59.9 
1.290.2 
80 
9.9 
10.7 
154.0 
52 
187.9 
44.5 
7.8 
2.2 
13.6 
68.2 
155.8 
6 
34 
32 
41 
40 
9 
156 
25 
37 
15 
28 
19 
68 
15 
16 
38 
16 
15 
34 
35 
24 
101 
20 
20 
15 
21 
36 
46 
21 
182 
35 
15 
14 
50 
18 
21 
148 
13 
21 
177 
57 
2.326 
478 
20 
20 
20 
2 
13 
10 
21 
19 
4 
52 
6 
18 
3 
16 
11 
14 
3 
12 
16 
4 
2 
15 
15 
4 
31 
0 
2 
4 
16 
15 
0 
10 
80 
15 
5 
0 
25 
4 
5 
26 
27 
21 
188 
23 
72 
104 
20 
15 
8 
02 
21.6 
8.6 
29.6 
5.1 
3.7 
13.8 
9.8 
194.1 
0.5 
8.0 
3.3 
11.8 
6.3 
321.5 
72 
24.7 
2.1 
3.5 
3.8 
58.6 
0.3 
52 
105.5 
4.7 
0.6 
34.6 
0.4 
48.8 
27.5 
8 9 
4.3 
22.4 
0.0 
5.4 
4.4 
192 
17.4 
30.7 
672 
296.5 
0.8 
15 
0.0 
205.8 
22 
210.4 
781.9 
282 
0.3 
2.1 
812.5 
232 
0.1 
8.1 
2.6 
14.8 
2.4 
1.9 
4.6 
2.4 
942 
0.1 
4.8 
1.9 
2.5 
1.1 
143.7 
5.1 
102 
0.5 
0.4 
1.6 
252 
0.1 
1.6 
44.8 
0.0 
0.1 
92 
0.3 
19.9 
0.0 
4.4 
1.9 
9.4 
0.0 
1.8 
0.0 
9.5 
4.3 
7.3 
11.8 
79.8 
1.6 
15 
0.0 
218.9 
0.9 
222.9 
24.0 
6.1 
0.3 
1.5 
32.1 
10.0 
0.3 | 
29.7 | 
11.3 | 
44.4 | 
7.5 | 
5.6 | 
18.3 | 
122 | 
288.3 | 
0.6 | 
12.8 | 
52 | 
142 | 
7.4 | 
465.3 | 
12.3 | 
34.9 | 
2.6 | 
4.0 | 
5.4 | 
83.8 | 
0.4 | 
6.8 | 
150.3 | 
4.7 | 
0.7 | 
43.8 | 
0.7 | 
68.6 | 
27.5 | 
13.3 | 
62 | 
31.8 | 
0.0 | 
72 | 
4.4 | 
28.7 | 
21.7 | 
38.0 | 
79.0 I 
3762 I 
2.4 I 
3.1 1 
0.0 1 
424.7 1 
3.1 1 
433.3 1 
805.9 1 
34.4 1 
0.7 1 
3.6 1 
844.6 1 
332 1 
H-13 
116 Cambodia 
360 Indonesia 
418 Lao People's Dem. Rep. 
458 Malaysia 
608 Philippines 
626 Easl Timor 
702 Singapore 
704 Viet Nam 
764 Thailand 
TOTAL REG/ON 11 
REGION 12: EASTERN ASIA 
156 
344 
392 
408 
410 
496 
China 
Hong Kong 
Japan 
Dem. Peop. Rep. of Korea 
Republic of Korea 
Mongolia 
TOTAL REGION 12 
REGION 13: SOUTHERN ASIA 
50 
64 
144 
356 
364 
524 
586 
4 
Bangladesh 
Bhutan 
Sri Lanka 
India 
Islamic Rep. of Iran 
Nepal 
Pakistan 
Afghanistan 
TOTAL REGION 13 
REGION 14: WESTERN ASIA 
48 Bahrain 
196 Cyprus 
368 Iraq 
376 Israel 
400 Jordan 
414 Kuwait 
422 Lebanon 
512 Oman 
634 Qatar 
682 Saudi Arabia 
720 Democratic Yemen 14) 
760 Syrian Arab Rep. 
784 United Arab Emirates 
792 Turkey 
886 Yemen 14) 
TOTAL REGION 14 
REGION 15: (former) USSR 
810 Union of Soviet Soc. Rep. 
REGION 16: EASTERN EUROPE 
100 Bulgaria 
200 Czechoslovakia 
278 German Dem. Rep. 15) 
348 Hungary 
616 Poland 
642 Romania 
TOTAL REGION 16 
REGION 17: SOUTHERN EUROPE 
8 Albania 
20.2 
387.6 
12.7 
44.7 
152.4 
1.7 
4.4 
165.2 
114.9 
1.005.2 
1.4 
1.2 
66.7 
9.6 
13.4 
S.6 
6.3 
6 5 
1.3 
64.0 
9.2 
49.2 
4.0 
122.1 
38.7 
398.8 
418.8 
9.9 
19.1 
17.3 
11.4 
49.2 
28.2 
135.0 
5.5 
17.7 
339.5 
11.1 
39.2 
133.5 
1.5 
3.8 
144.7 
100.6 
880.6 
1.579.5 
8.0 
146.5 
37.1 
61.2 
5.8 
1.838.1 
312.8 
3.5 
295 
1,635.5 
131.1 
41.7 
327.6 
48.8 
2.530.3 
1.2 
1.0 
58.4 
8.4 
11.7 
4.9 
5.6 
5.5 
15 
56.1 
8.0 
43.1 
3.5 
1065 
33.9 
349.4 
30.9 
594.1 
19.4 
68.6 
233.6 
2.5 
6.7 
253.2 
176.1 
1.541.0 
2.7645 
14.0 
256.4 
64.9 
107.1 
10.1 
3516.7 
547.5 
65 
515 
2,862.1 
229.4 
73.0 
573.3 
85.4 
4,428.0 
2.1 
1.8 
102.3 
14.6 
20.5 
8.6 
9.7 
9.6 
2.0 
98.1 
14.1 
75.4 
6.1 
1875 
59.4 
611.4 
10 
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Appendix I: Major river basins 
(Source: Delft Hydraulics, 1992). 
This appendix provides the following information: 
• a list of names of the river basins and the surface area (103 km2) of each of these basins. 
• a table that presents average discharges per month and per year (m3 s"1), for each of the 
river basins. 
• a world map indicating the location of the river basins. 
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Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
113 
201 
202 
205 
207 
208 
209 
210 
212 
215 
217 
301 
302 
303 
304 
305 
306 
307 
308 
309 
310 
River basin name 
Morocco 
Sa hel 
Libya 
Nile 
Israel 
Tigris, Eufraat, Karoen 
Caspian Sea South-West 
Seistansink 
Caspian Sea East 
Arabie 
Giuba Royuma 
Kongo 
Niger, Volta, Lake Chad 
Senegal 
Gambia 
St Paul, Cavally, Bandama, Comoé 
Cuanza, Cunene 
Zambezi, Save, Limpopo 
Orange River 
(Southern part) South Africa 
Madagascar 
no agriculture 
no agriculture 
Carada West 
Mississippi 
USA-Atlantic coast 
Rio Grande 
Colorado 
Humboldt 
USA (Pacific Ocean South) 
Grisalva 
Honduras, Nicaragua, Panama 
Lake Huron, St. Lawrence 
Indonesië (except Irian Jaya) 
Malesia 
Irain Jaya 
West Australia 
Central Australia 
Northern Australia 
Eastern Australia 
New Zealand 
Mindano, Sulawesi 
Philippines Luson Island 
Gloma 
Sweden 
no agriculture 
no agriculture 
no agriculture 
Volga 
Daugawa, Neman 
Dniepr 
Don 
Ural 
Area 
[1,000 km2] 
338.0 
3,561.7 
3,079.6 
3,635.1 
2.5 
1,907.6 
384.2 
1,467.0 
280.8 
2,059.8 
2,513.9 
4,316.1 
5,534.4 
286.3 
204.4 
550.0 
642.8 
2,950.6 
1,123.8 
485.3 
557.8 
1,640.2 
6,327.4 
1,244.0 
3,776.9 
1,255.8 
1,178.8 
1,590.6 
40.7 
127.3 
434.3 
432.9 
1,391.6 
1,267.0 
135.2 
772.5 
134.6 
2,485.7 
265.6 
1,528.3 
247.7 
208.6 
117.0 
262.4 
450.2 
246.6 
1,360.9 
405.3 
1,588.9 
314.9 
661.3 
617.0 
705.0 
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Number 
311 
313 
314 
315 
316 
317 
318 
319 
320 
321 
322 
323 
324 
325 
326 
327 
401 
402 
403 
404 
405 
406 
407 
409 
410 
501 
502 
503 
504 
505 
506 
507 
508 
509 
510 
603 
605 
607 
608 
609 
610 
611 
612 
614 
615 
616 
617 
618 
619 
621 
River basin name 
Turkey (Black Sea Coast) 
Danube 
Greece 
Yugoslavia coast 
Po 
Rhône 
Loire, Seine 
Ebro 
Spain 
Rhine 
Elbe, Weser, Odra 
Wisla 
Turkey (Egian Sea) 
Maritza 
Great-Brittain 
Iceland 
Krishna, Godavari 
Ganges 
Indus 
(Birma) Irrawaddy, Salween 
Chao Praya 
Mekong 
Song Bo Red River (Jangtsekiang) 
Narmada, Tapti 
Sri Lanka 
Yellow River 
Amur, Heilong 
Lena 
Yenisey 
Ob 
Balchasjlake USSR, Tarim China 
Arallake 
Korea 
Japan 
Yana 
Magdalena 
Orinoco 
Essequibo 
Parnaiba 
Amazonas 
Sao Francisco 
Jequitinhonha, Paraibadosul 
Parana 
Salado 
Rio Negro 
Chubut 
Santa Cruz 
Chili 
Titicaca lake and Peru (to pacific) 
Equador (to Pacific) 
Area 
[1,000 km2] 
130.4 
844.9 
179.4 
35.5 
259.4 
121.9 
374.5 
186.8 
476.3 
316.5 
180.7 
345.3 
247.9 
101.3 
203.5 
84.3 
862.8 
2.328.2 
832.4 
804.5 
248.5 
909.9 
2,965.2 
312.7 
61.1 
2,352.5 
2,730.1 
4,384.1 
2,073.9 
3,702.5 
3,166.8 
1,987.4 
220.0 
381.9 
2,624.5 
330.1 
1,334.0 
663.5 
942.6 
6,462.9 
705.8 
507.1 
3,909.2 
598.9 
236.6 
223.3 
275.0 
620.0 
522.4 
147.8 
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Appendix J: Main calculation schemes 
This appendix provides the following information, for each region, for the HEI and LEI systems: 
• Total suitable area (Mha, column 1). This area comprises the area suitable for arable 
farming, and the area suitable for grassland but not suitable for arable farming. 
• Fraction of the total suitable area that is suitable for grassland, but not suitable for arable 
farming (column 2). 
• Average potential grain yield (kg ha"1 yr"1, column 3), the irrigated area suitable for arable 
farming (Mha, column 4), and the total irrigated grain production (Mt yr"1, column 5; 
product of columns 3 and 4). 
• Average water-limited grain yield (kg ha"1 yr"1, column 6), the non-irrigated area suitable 
for arable farming (Mha, column 7), and the total rainfed grain production (Mt yr"1, 
column 8; product of columns 6 and 7). 
• Average water-limited grassland yield (kg ha"1 yr"1, column 9), the non-irrigated area 
suitable for grassland but not for arable farming (Mha, column 10; product of columns 1 
and 2), and the total rainfed grassland production (Mt yr"1, column 11; product of columns 
9 and 10). 
• Total production (Mt yr"1), which is the sum of irrigated grain production (column 5), 
rainfed grain production (column 8), and rainfed grassland production (column 11). 
• Absolute maximum production (Mt yr"1, column 12), which can be realized if all the land 
suitable for arable farming can be fully irrigated. This production is the sum of (i) the 
product of columns 3 and 4, (ii) the product of columns 3 and 7, (iii) and the product of 
columns 9 and 10. 
Note: 
Data are given for 19 regions, instead of 15 regions as used elsewhere in this report. The 
addition of the Caribbean to Central America, and the grouping of the four European regions 
into one region, has been done later. 
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Appendix K: Self-sufficiency indices 
This appendix gives the ratios of food supply and food demand (self-sufficiency indices), for 
each region, for the HEI and LEI systems. The indices have been calculated for every 
combination of the low, medium and high population growth scenario, with the vegetarian, 
moderate and the affluent diet. Maximum production (Mt yr"^) is given in the first column. 
Notes: 
1. Data are given for 19 regions, instead of 15 regions as used elsewhere in this report. The 
addition of the Caribbean to Central America, and the grouping of the four European re-
gions into one region, has been done later. 
2. Food supply is expressed as a percentage of food demand, so all numbers are a factor 100 
higher than those given in Table 7.3 
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L-1 
Appendix L: Self-sufficiency production 
This appendix gives the required production volumes (Mt yr"1), if all regions produces not 
more than necessary to reach food security at the household level, i.e. the ratio of food de-
mand and food supply (self-sufficiency indices) is equal to 2, for each region, for the HEI and 
LEI systems. Production volumes have been calculated for every combination of the low, me-
dium and high population growth scenario, with the vegetarian, moderate and the affluent 
diet. Maximum production (Mt yr"1) is given in the first column. 
Notes: 
1. Data are given for 19 regions, instead of 15 regions as used elsewhere in this report. The 
addition of the Caribbean to Central America, and the grouping of the four European re-
gions into one region, has been done later. 
2. Required production volumes that are equal to the maximum production volumes, such as 
in the Asian regions for some food demand scenarios, indicates that food security at the 
household level cannot be realized. 
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Appendix M: Sensitivity analysis of productive 
areas 
These three tables give the new productive areas (Mha) and the relative change compared 
with the standard productive area (Appendix E), for cropping land and grassland, for the three 
sensitivity analysis in the land suitability factors (Subsection 7.5.3). 
Sensitivity analysis: suitability factor of soil unit -0.1 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Region 
South America 
Central America 
North America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Easthern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
World 
TOTAL 
Area 
1225 
142 
798 
487 
383 
482 
418 
171 
538 
177 
505 
342 
241 
701 
297 
6907 
Change 
0.891 
0.893 
0.895 
0.886 
0.881 
0.889 
0.892 
0.881 
0.890 
0.880 
0.875 
0.883 
0.883 
0.889 
0.895 
0.888 
ARABLE CROPPING 
Area 
746 
49 
427 
121 
186 
275 
224 
74 
252 
68 
208 
174 
53 
382 
106 
3345 
Change 
0.876 
0.886 
0.891 
0.884 
0.872 
0.865 
0.879 
0.834 
0.888 
0.878 
0.881 
0.884 
0.886 
0.884 
0.886 
0.879 
f 
GRASSLAND 
Area 
479 
93 
371 
366 
198 
207 
194 
97 
286 
109 
297 
168 
188 
319 
191 
3562 
Change 
0.914 
0.897 
0.899 
0.887 
0.889 
0.924 
0.907 
0.921 
0.892 
0.881 
0.871 
0.882 
0.883 
0.895 
0.900 
0.895 
M-2 
Sensitivity analysis: suitability factor soil phase +0.25 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Region 
South America 
Central America 
North America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Easthern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
World 
TOTAL 
Area 
1421 
180 
985 
677 
493 
558 
499 
215 
658 
218 
632 
427 
338 
906 
378 
8586 
Change 
1.033 
1.132 
1.104 
1.233 
1.133 
1.031 
1.066 
1.109 
1.087 
1.083 
1.095 
1.103 
1.242 
1.149 
1.137 
1.104 
ARABLE CROPPING 
Area 
914 
65 
523 
244 
272 
338 
276 
103 
310 
88 
262 
218 
107 
521 
139 
4379 
Change 
1.073 
1.174 
1.091 
1.790 
1.276 
1.063 
1.084 
1.151 
1.093 
1.132 
1.106 
1.107 
1.780 
1.207 
1.165 
1.151 
GRASSLAND 
Area 
507 
115 
462 
433 
221 
220 
223 
112 
347 
130 
371 
209 
232 
384 
238 
4206 
Change 
0.968 
1.110 
1.119 
1.049 
0.996 
0.984 
1.044 
1.073 
1.083 
1.052 
1.087 
1.098 
1.090 
1.079 
1.121 
1.058 
Sensitivity analysis: suitability factor soil slope xl.g 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
I 
Region 
South America 
Central America 
North America 
Northern Africa 
Western Africa 
Central Africa 
Eastern Africa 
Southern Africa 
Oceania 
Southeast Asia 
Easthern Asia 
Southern Asia 
Western Asia 
(former) USSR 
Europe 
World 
TOTAL 
Area 
1412 
175 
935 
557 
437 
546 
485 
196 
619 
233 
629 
411 
280 
814 
342 
8070 
Change 
1.027 
1.095 
1.048 
1.015 
1.005 
1.008 
1.037 
1.010 
1.024 
1.158 
1.088 
1.062 
1.027 
1.032 
1.029 
1.037 
ARABLE CROPPING 
Area 
900 
67 
517 
144 
216 
338 
278 
93 
326 
90 
283 
220 
64 
450 
137 
4124 
Change 
1.057 
1.214 
1.077 
1.053 
1.015 
1.062 
1.093 
1.042 
1.149 
1.157 
1.198 
1.118 
1.076 
1.043 
1.148 
1.084 
GRASSLAND 
Area 
511 
107 
418 
414 
221 
208 
208 
103 
293 
143 
345 
191 
215 
363 
205 
3946 
Change 
0.977 
1.032 
1.014 
1.002 
0.995 
0.931 
0.970 
0.982 
0.913 
1.159 
1.012 
1.004 
1.013 
1.020 
0.962 
0.993 
N-1 
Appendix N: Listing LEIZONES.FOR 
PROGRAM LEIZONES 
Will« Stol. 1991 
Pr«n Bindraban, February 1992 (modified) 
Joep Luyten, april 1995 (modified) 
Identifias potential growing seasons fox caraal 
crops; temperate and tropical zones distinguished; 
usas both tha Hullar and the 1IASA global long tarn 
waathar data. 
CONSTR.DAT, waathar filas 
RERUNLEI.DAT (and a few chackings files] 
Input filas ; 
Output filas: 
IMPLICIT REAL (A-Z) 
CHARACTER'S0 DIR 
CHARACTER CNTR'7 
INTEGER IHARR 
PARAMETER (IHARR=15) 
-Counter variables 
INTEGER I.J 
-Tine variable 
INTEGER IDAY,IYEAR,ISTAT,MXGRS,RUST.INCRS.INCRS2 
INTEGER IDAYSMt IHARR) , ISTDAY{IHARR) , IENDAY(IMARR) ,STOPCD( IHARR) 
REAL DEGEMfIHARR) , DAYTMN065), DAYTMX065) 
-Variable which contains the station number and 
tha nunber of waathar stations 
INTEGER ISTN 
-Unit numbers for fila I/O 
INTEGER IUNITI.IUNIT2,IUNIT3,IUNIT4,IUNIT5,IUNIT« 
PARAMETER <IUNITI»1,IUNIT2*2,IUN2T3»3,IUNIT4-4,ILT)IT5»8,IUNIT6*9) 
-Character string with format statements 
CKARACTES"20 FHT1.FMT2 
LOGICAL ABSTMP,TEMPER,YEARKD 
DATA DIR /'C:\WHRSWEATHERW 
—Character string with format for 
DATA FHT1 /'(IX,A7,14.2{A12.14)>*/ 
DATA FKT2 /'(IX.14,4X.F6.0)'/ 
—Analyse input fila with constraints for 
crop growth 
CALL RDHJIT (40,20,"CONSTR.DAT') 
--get values fro» file 
CALL RDSREA ('LBND1' , L8ND1Ï 
CALL RCSREA ('LBND1T', LBND1T) 
CALL RCSREA ('UBND1' , UBKD1) 
CALL RDSPEA ('LBND2* , LBND2) 
CALL RCSREA ('LBKC2T'. LBND2T) 
CALL RDSREA ('UBND2' , UBKD2) 
CALL RCSREA CTRASE1'. TEASED 
CALL RDSPEA ('TBASE2-. TEASES) 
CALL FSSPEA CKICRC' . KICKD) 
CALL RDSREA ('MAGRD' . MACRO) 
CALL RDSREA ('DEGMAX', DEGMAX) 
CALL RDSINT CRUST' . RUST) 
CALL RDSINT ('MXGRS' , MXGRS) 
•-delate temporary filt 
CLOSE (40, STATUS«-DELETE') 
•-Reruns file for program P_ZONES is opened 
CALL FOPENG (IUNITI,'RERUNLEI.DAT','NEW',*Sr',0,'DEL') 
—Fil« with output of zones, location parameters and 
potential crop growth duration 
OPEN (IJNir2,FILE-'Z0NES_0K.DAT',STATUS»'UNKNOWN') 
• Files for checkings why season not selected 
365 days round, last season not completed 
OPEN (IUNIT3,FILE«'END_365.DAT',STATUS«'UNKNOWN') 
maximum number of good growing seasons exceeded 
OPEN (IUNIT4,FILE»'END_MAX.DAT',STATUS*'UNKNOWN') 
growing season stopped due to temperature conditions 
OPEN (UNITS,FILE=*END_rNT.DAT' ,STATUS=*UNKNOWN*> 
not a single growing season possible 
OPEN (IUNIT6,FILE«'END_ZER.DAT'.STATUS*-UNKNOWN') 
IYEAR - 1000 
CNTR • 'MULLR' 
•-Calculate for each (grid-)point from Muller 
DO 90 J « 1,978 
ISTN » J 
WRITE <".'(A,I5)") '«-Processing weather station ',J 
ABSTMP » .TRUE. 
CALL STINFO (0, DIR, ' '. CNTR. ISTN, IYEAR, 
$ ISTAT, LONG , LAT, ELEV, A, 8) 
DO 114 IDAY • 1,365 
CALL WEATHR (IDAY. ISTAT, RDD. TMM», TMMX. VP, WN, RAIN) 
IF (TMMN.EQ.TMHX) ABSTMP » .FALSE. 
DAYTMN(IDAY) = TKMN 
DAYTMX(IDAY) » TMKX 
CONTINUE 
* Zonaeion: temperate and tropical regions 
TEMPER * -FALSE. 
" northern part (Himalaya and mexico mountains • temperate) 
IF (((LONG.GE.-180..AND.LONG.LE.-104.».AND.(LAT.CT.33.1) 
.OR.((LONG.GT.-104..AND.LONG.LE.-98.).AND. 
<(LAT.CT.19..AND.LAT.LT.24.).OR.<LAT.CT.33))) 
.OR.((LONG.GT.-96..AND.LONG.LE.-20.).AND.(LAT.GT.30.)) 
.OR.((LONG.CT.-2 0..AND.LONG-LE.0.)-AND.(LAT.GT.36.)) 
.OR.((LO»G.GT.0..ASD.LONG.LE.12.).AND.(LAT.CT.38.)> 
.OÄ.((LONG.CT.12.. AND. LONG.LE.36.).AND.(LAT.CT.34.)) 
.OR.((LONG.GT.36..AND. LONG.LE.80.).AND.(LAT.GT-30.1) 
.OR.((LONG.GT.80..AND. LONG.LE.95.).AND.(LAT.GT.26.)) 
.OR.((LONG.CT.»5..AND.LONG.LE.105.). AND.(LAT.GT.22.)) 
-OR.((LONG.GT.105..AND.LONG.LE.180.).AND.(LAT.GT.30.)l 
ithern part (Andes mountains • temperate) 
.OR.((LONG.CT.-180..AND.LONG.LE.-B0.).AND.(LAT.LT.-32.>) 
.OR.((LONG.GT.-80.-AND.LONG.LE.-75.)-AND.(LAT.LT.-5.)) 
.OR.((LONG.GT.-75..AND.LONG.LE.-7 0.) .AND.(LAT.LT.-10.1 I 
.OR. ( (LONC.GT.-"'0. -AND. LONG. LE. -63 .) .AND. (LAT.LT.-I3. I t 
-OR.((LONG,CT.-63. .AND.LONG.LE.-23.) .AND.(LAT.LT.-12.11 
.OÄ.(I LONG.CT.-23.-AND.LONG.LE.BO.) .AVD. 1 LAT.LT.-35.I I 
N-2 
ft -OR. ((LONG.GT.80..AND.LONG.LE.180.) .AND. (LAT.LT.-28.))) 
ft TEMPER*.TRUE. 
' Different min. and bas« tamp, for temperate and tropical ragions 
IF tABSTMP.AND.TEMPER) THEN 
LBND * LBND1 
U1ND • UBKD1 
TBASE • XBASE 1 
ELSE IF (ABSTMP.AND. .MOT.TEMPER} THEN 
LBND • LBND1T 
UBND « UBND1 
TBASE • TBASE2 
ELSE IF (.NOT.ABSTHP.AND.TEMPER) THEN 
LEND - LBND2 
UBND • UBKD2 
TBASE • TBASE1 
ELSE IF 4.NOT.ABSTKP.AND..NOT.TEMPER) THEN 
LBND » LBND2T 
UBND « UBND2 
TBASE » TBASE2 
ENDIF 
CALL CRSEAS (DAYTKN,DAYTMX,LBND,UBND,TBASE.RUST,MICRO,MACRO. 
S DEtMAX,INGIL$,DEGSW,IMYSM,ISTDAY,IENDAy,IKARR,yEARND,STOPCD) 
Output for »Cation without growing iMion co corsplete 
info par grid. 
values STOPCD: 0 season not used 
1 season ended good, tsum at least min.tsun 
-1 365 days round, last soason too short 
-2 season interrupted, season too short 
* * t M M t M M M t t » M M # M M M M t t * * M I M M I M M f l H M M M 
SUBROUTINE CRSEAS IDAYTMN,DAYTMX, LBND,UBND,TBASE, RUST, MIGRD, MACRO, 
S DEGKAX, INCRS. DECSK, IDAYSM,ISTDAY,IENDAY, «lARR,YEARND,STOPCD) 
IMPLÏCTT REAL (A-Z> 
* formal p a r a s i e t e r * 
REAL DAYTKN<36S).DAYTKXf36S) 
INTEGER IMARR,INCRS,IDAY,IS,ITOD,IYES,COUNT,RUST 
INTEGER IDAYSMCIMARR),ISTDAY<IMARR),IENDAY<IMARR),STOPCD(IMARR) 
REAL DEGSWIIMARR) 
LOGICAL YEARND, TODAY,YESTER,START,INTER 
* i n i t i a l i s a t i o n of o u t p u t v a r i a b l e s 
INCRS • 0 
DO 10 IS * 1.IMARR 
STOPCDUS) » 0 
IDAYSMIIS) > 0 
ISTDAY<ISI « 0 
lENDAY(IS) • 0 
DEGSM(IS) > 0 . 
10 CONTINUE 
START « -TRUE. 
INTER « .FALSE. 
* find out if whole year round growing season exists 
YEARND » .TRUE. 
DO 20 IDAY - 1,365 
IF (DAYTMN(IDAY).LT.LBND.OR.DAYTMX[IDAY).CT.UBND) 
ft YEARND « .FALSE. 
20 CONTINUE 
DO 116 I * 1.INCRS 
IF (STOPCD(I).GT.0) THEN 
IF (INGRST2.LT.KXGRS) THEN 
INGRS2 • INGRS2 • 1 
w r i t e t o r e r u n f i l e 
WRITE (IUNIT1.FMT1) '1ST« = ' , J , 
' ; DAYB « M S T D A Y U ) , * ; FINTIH • '.XDAYSHC) 
w r i t e good and used s e a s o n s t o f i l e fo r check 
WRITE {IUNIT2.FMT2) J.DECSM(I) 
ELSE 
good, u n u s e d s e a s o n , «tax number of s ea son exceeded 
WRITE ( I U N : T « . F M T 2 > J.DEGSMC) 
ENDIF 
ELSE IF fSTOPCD(I).LT.0) THEN 
IF {STOPCDO .EQ.-1) THEN 
bad , u n u s e d s e a s o n , 365 days r o u n d , too s h o r t 
WRITE ( I U N : T 3 , F K T 2 ) J.DEGSMC) 
ELSE 
bad, u n u s e d s e a s o n , i n t e r r u p t e d , coo s h o r t 
WRITE {IUNIT5.FMT2J J,DEGSMt:j 
ENDIF 
END IF 
CONTINUE 
IP (INGRS2.EQ.0> THEN 
no t a s i n g l e g rowing seasoi 
WFITE!IUI.-IT1,FMT1Î • ISTN • 
WRITEUUNIT«,FMT2j J.DECSMUi 
ENDIF 
J . • ; DAYB ' FINTIN « ' , 0 
90 CONTINUE 
I F (.NOT.YEARND) THEN 
c r o p g r o w t h no t p o s s i b l e y e a r round , 
s e a r c h f o r s t a r t of a g rowing s e a s o n 
IS - 0 
DO 30 IDAY»1,365 
c a l c u l a t e yes t« re lays day number 
IF (IDAY.EO-1) THEN 
IYES » 365 
ELSE 
IYES - IDAY - 1 
ENDIF 
• a r K s t a r t growing s e a s o n i f t o d a y s u i t a b l e b u t n o t y e s t e r d a y 
I F !DAYT«N(IDAY).GE.LBNO.AND.DAYT»a(IDAY).LE.UBNC) THEN 
I F (OAYTMN(IYES).LT.LBND.OR.CAYTMX(IYES)-CT.UBND) IS=IDAY 
ENDIF 
CONTINUE 
IF ( I S . G T . 0 ) THEN 
only part of the year suitable for crop growth, 
search bera for one or store growing seasons. 
DO «0 ICAY*IS,IS*364 
IF (INTER) THEN 
COUNT « COUNT * I 
IF (COUNT.LE-RUST) THEN 
CCTC 40 
ELSE 
U.TER • .FALSE. 
START » .TRUE 
ENDIF 
ENDIF 
day number of t o d a y and y e s t e r d a y 
ITOD « 1-KCD CDAY-1, ÏC5» 
IF (ITCC.EC-Î) THEN 
N-3 
IYES « 365 
ELSE 
IYES « ITOD - l 
ENDIF 
check i£ today and yesterday are good lor crop growth 
TODAY » (DAITKN(ITOO) .CE-LBND. AND. DAYTKX{ ITOO) .LE.UBND) 
YESTER • (DAYT»«UYES> ,CE.I^ND.AND.DAYTMX(IYE5) .LE.UBND) 
If ((TODAY.AND. .HOT.YESTER) .OR. (START)) THEM 
yesterday was bad but today was good, start of 
growing ••axon found 
START • .FALSE. 
IM3RS » INGRSU 
STOPCOUNGRS) * - 1 
ISTDAY(INCRS) » ITOD 
DECSHIIHCRS) • LIMITtO.,DEGMAX, 
MAX10,.((DAYTMX(ITODl*DAYTKN(ITOD))/2.-TRASE1 t ) 
ISTDAYU) » 1 
STOPCDiINCRS) « - 1 
DO SO ITOD • 1 . Î 6 5 
IF (INTER) THEN 
COUNT » COUNT • 1 
IF (COUNT.LE.RUST) THEN 
GOTO 50 
ELSE 
INTER « .FALSE. 
INCRS » XNGR5 • I 
ISTDAÏ(INGRS) - ITOD 
STOPCD(INCRS) * -1 
ENDIF 
ENDIF 
IF (DEGSK(INGRS) .KE.0.1 IDAYSMaNCRSWOKVSMUNCRS} ** 
DEGSM ( INCRS> «DECSK ( INCRS) *LIMIT( 0 . , DEGMAX, 
HAX (0 . , * (DAYTHR t ITCD1 *DAYTKX (ITOD! J / 2 .-TBASEi J ) 
ELSE IF (TODAY.AND.YESTER) THEN 
t o d a y a l s o w i t h i n c u r r a n t g rowing s e a s o n , 
u p d a t a v a r i a b l e s 
DEGSM(INCRS) • DEGSM [ INGRS) • 
LIMIT(0.,DEGMAX, 
KAX(0.,l(DAYTMXUTOD)*DAYTMN<ITOD))/2.-TEASE))) 
IDAYSMtlNGRS) - IDAYSMtIMGRS)*1 
max t e m p e r a t u r e demand of g rowing s e a s o n i s r e a c h e d 
I F (DEGSMCNGRS) .CE.MACRO) THEN 
IENDAY(INCRS) * ITOD 
STOPCDt INGRS) « 1 
I N T E R » .TRUE. 
COUNT • 0 ! Count raust be 0 . n o t 1 . 
END IF 
te»*>ereture demand of c u r r e n t growing s e a s o n i s r e a c h e d 
IF (DEGSM(INGRS).GE.KAGRO) THEN 
lENDAYf1NGRS) * ITOD 
5TOPCD(INCRS) * 1 
INTER • .TRUE. 
COUNT * 0 icour.c must be C, net I 
END IF 
Check if minimum ces. tin is reached, in case this is 
the last day being done 
IF ((DEGSM(INGRS).GE.MICRO).AND.(ITOD.EQ.36S)) THEN 
STOPCD(INGRS) * 1 
END IF 
ELSE IF (.NOT.TODAY.AND.YESTER) THEN 
current day is Dot suitable to crop growth any nor«, 
current growing season if not fully completed. 
IENDAY(INGRS) - IYES 
IF (DEGSM(INCRS1.C£.MICRO) THEN 
growing sea*on length is sufficient. 
STOPCOfINGRS) * i 
INTER « .TRUE. 
COUNT > I 'Count oust be I, not 0. 
ELSE 
growing season length is not sufficient 
STORCDCNGRSÎ * -2 
INTER * .FALSE. 'No intercropping period. 
START • .TRUE, '.«taxt new «eason iamediatelly 
ENDIF 
END IF 
Check if BumsKim ten. suis is reached, in case this is 
the last day being done 
IF (DECSMÏISGRS) .CE.MICRO) THEN 
STOPCD^HCRS) « ** 
END IF 
CONTINUE 
END IF 
year round growing season exists 
INTER ' . F A L S E 
:MGRS » : 
0-1 
Appendix O: Listing CONSTR.DAT 
****** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
* File: CONSTR.DAT 
* Temperature constraints for growth of cereals used to 
* identify potential growing seasons for each climate 
* zone 
******************************************************* 
* MAX. AND MIN. TEMPERATURES IN WEATHER FILES NOT EQUAL: 
* Lower bound for growth of cereals, degrees C. 
* *»Temperate regions 
LBND1 = 0. 
* **Tropical regions 
LBND1T = 0. 
* Upper bound for growth of cereals, degrees C. 
* **whole world 
UBND1 = 45. 
* MAX. AND MIN. TEMPERATURE IN WEATHER FILES EQUAL: 
* Lower bound for growth of cereals, degrees C. 
* **Temperate regions 
LBND2 = 5. 
* **Tropical regions 
LBND2T = 5. 
* Upper bound for growth of cereals, degrees C. 
UBND2 = 45. 
* BASE TEMPERATURES 
* Base temperature for crop growth, degrees C. 
* ** Temperate regions 
TBASE1 = 0. 
* **Tropical regions 
TBASE2 = 10. 
* Maximum amount of degree days per day 
DEGMAX =25. 
* Minimum duration of growing season (degree.days) 
MIGRD = 1600. 
0-2 
* Maximum duration of growing season (degree.days) 
MAGRD = 1850. 
* Number of days between two cropping seasons 
* 14 in HEI, 28 in LEI 
RUST =28 
* Maximum number of fully completed growing seasons 
* 3 in LEI, 4 in HEI 
MXGRS = 3 
p-1 
Appendix P: Listing CEREAL.FOR 
COMMON /ST/ STAT 
rSE-LINTUL-CRAIN 
Simple and Universal CROp Simulator 
-Array with Julian day numbers 
DATA XDAY /IS,4«,74.10S,13S.166,196.227.258.28ft,319.349/ 
FORTRAN version of tbc crop growth simulator LIKTUL. This version is ' 
based on aar liar versions, writtan in CSMP. References: 
' Tha nodal is programmed, using the PORTRAK Simulation Environnant 
' davelopad by D.W.G. van Kraalingen. Simulation Reports CABO-TT No.23 
-Character string with format for output-file 
DATA FMT /'11*.F7.0 >'/ 
DATA FRM /'(IS,2(F6.0).IS,2(FS.0).F8.0,12(F6.0),FB.0)'/ 
CALL FOPQI (80. 'STATIOHS.DAT'. 'OLD*. 'NVT'» 
' Authors: Pram Bindraban, February 1992 (modifications) 
Joap liuyten, April 199S (modifications) 
' Input filas : TIKER.DAT, PLANT.DAT, SOIL.DAT. RERUNS.DAT, waathar 
data flics, STATIONS.DAT 
Output filas: RESULTS-DAT (used) and RESULTS.OUT (not used} 
HAIN' PROGRAM 
FORTRAN Simulation Environnant (FSE) 
PROGRAM MAIN 
-Standard declarations 
IOS > 0 
II - 0 
IF 1IOS.EQ.0) THEN 
READ (80.'(A)',IOSTAT«IOS) TMP 
IF (IOS.EQ.0) THEN 
II * II • 1 
STAT1I1I « TMP 
END IF 
GOTO 5 
END IF 
-Insert hare declarations for use with compartmentalized 
waterbalances 
-Unit numbers for rerun (Rl, timer (T), output (0), plant data (P) 
and soil data (S) files. WTRKES flags any massages from 
the weather system 
IMPLICIT REAL <A-Z} 
INTEGER ITASX , INSETS, IRUN , II, 12, 13, H 
INTEGER IUNITR, IUNITT. IUNITO, IUNITP, IUNITS, lUNITC 
INTEGER ISTAT1, ISTAT2. I DAY . IYEAR , ISTK , ILEK 
INTEGER ITABLE, IDTMP . IMNHD , INKD, IPROD 
INTEGER NSTAT 
INTEGER UNITOU 
•-variable used for error-checking during reading 
INTEGER IOS 
IUNITR « 20 
IUNITT « 3 0 
IUNITO « 40 
IUNIT? » 50 
IUNITS • 60 
IUNITC • 70 
UNITOU * 90 
WTRKES • -FALSE. 
LOGICAL OUTPUT, TERMNL. WTRKES, EOF, NEVYR. TEMPER 
CHARACTER'BC WTRDIR, FILER. FILET, FILEO, FILEP, FILES 
CHARACTER CNTR"? 
CHARACTER DUMMY»1 
CKARACTERMC STAT(ICCO). TMP 
—Character string with format statements ter fila g_xones.asc 
CKARACTEFM0 FHT 
CHARACTER"45 FRM 
FILER » -RERUNS.DAT-
FILET « 'TIMZR.DAT-
FILEO « 'RESULTS.OUT' 
FILEP « 'PLANT.DAT' 
FILES • 'SOIL.DAT' 
-Open output file and copy contents of timer file to output file 
CALL POPEN (IUNITO. FILEO, *NEW-, -DEL") 
CALL COPFIL (IUNITT, FILET. IUNITO) 
PARAMETER (IMKHD»2C, TIKY-l.E-4) 
REAL KARDAY(IKNHD) 
REAL DATA(2C,6CCC) 
REAL RSEFIE(3€6).RAINTB(12).RAIND(12> 
REAL P T R 0 6 6 ) , ATR(3«6). H P T C i ) . HATU2) 
INTEGER XDAY(12). I . SOILNR 
REAL LONG. LAT 
LOGICAL R5CTTD 
LOGICAL LOCDAÏ(Jé5l 
- -Gat d i r e c t o r y and country name of waathar data f r o » timer f i l e 
CALL FOPEN (IUNITT, FILET . 'OLD', 'NVT) 
CALL GETREC (IUNITT, WTRDIR. EOF) 
CALL GETREC (IUNITT, CNTR , EOF! 
IF (EOF) CALL ERROR ('FSE-MAIN'. 
k 'unexpected e n d _ o f _ f i l e i n TIMER f i l e ' ) 
12 • ILÏN (WTRDIR) 
IÏ • ILEN (CNTR) 
IF (12.ME.0.AND.13.NE.01 THEN 
P-2 
12 • MAX (2,12) 
13 * MAX (2,13) 
WTRDIR(1:I2) « WTR0IRÏ2:12) // * • 
CNTR (liIJ) » CNTR(2:l3l//' • 
ELSE 
CALL ERROR ('FSE-HAIN', 
&'cannot read weather directory and councry nam* from. TIMER Cil«') 
END IF 
CLOSE (IUNITT) 
—Read number of rerun sat«, if rerun sets have been defined 
copy contant» of rerun Cil« co output fil« 
CALL RDSETS (IUNITR, IUNITO, FILER, INSETS) 
N«xt not don« because r«run fil« is v«ry large 
IF (INSETS.GT.O) CALL COPFIL (IUNITR*1, FILER, IUNITO) 
DATA (3,11) * LAT 
DATA (4,11) > SOILNR 
DATA (5,11) - DAYfi 
DATA (6,11) • FINTIM 
•oil water balance initiated 80 days before crop growth 
DAYB « 1. • MOOl(DAYB*2B4.),3*5.) 
FINTIM « FINTIM • 80. 
WRITE (•, '(2(A,IS),2(A,F7.2>)') 
4 * Runi'.XRUM.' Istn:',ISTN,' dayb: *,DAYB,' tint : *.FINT1M 
--Initialita TIMER and OUTDAT routina» 
CALL TIMER» (ITASX, DAYB, DELT, PRDEL, FINTIM, 
k IYEAR, TIME, DAY , IDAY , TERMNL, OUTPUT, NEWYR) 
-Open waathar fil« and raad station information and return 
weather data for start day of simulation. 
Check status of weather system, WTRMES flags if warnings or 
errors have occurred during the simulation. 
Main loop and rerun begins har« CALL STINFO (0, WTRDIR, ' ', CNTR, ISTN, IYEAR, 
& ISTAT1. LONG , LAT, ELEV, A, 8) 
CALL WEATHR (IDAY, ISTAT2, RDD, TMKN, TMMX, VP, WN, RAIN) 
IF (ISTAT1.NE.0.OR.ISTAT2.NE.0) WTRMES • .TRUE. 
Note: starts with first rerun; no 'standard' run 
DO 10 11*1,INSETS 
* Select data sat from rerun file 
CALL RDFROM (II, .TRUE.) 
* Initialization section 
ITASK • 1 
TERMNL « .FALSE. 
DO 111 IDAY « 1,365 
LOCDAY(IDAY) > .FALSE. 
Ill CONTINUE 
'Raad variables frost timer file 
CALL RDINIT (IUNITT 
CALL RDSREA ('DAYB' 
CALL RDSREA ('FINTIM' 
CALL RDSREA ('PRDEL' 
CALL RDSREA {'DELT' 
CALL RDSINT ('IYEAR' 
CALL RDSINT ('ISTN' 
CALL RDSINT CITABLE' 
CALL RDSINT ('IDTMP' 
IUNITO, FILET) 
DAYB ) 
FINTIM) 
PRDEL ) 
DELT ) 
IYEAR I 
ISTN > 
ITABLE) 
IDTMP ) 
CALL RDAREA ('HARDAY', HARDAY. IMNHD, INHD) 
CLOSE (IUNITT. STATUS»'DELETE') 
' Zonation in temperate and tropical regions 
TEMPER « .FALSE. 
' northern part (Himalaya and mexico mountains * temperate) 
IF (((LONG .GE.-180..AND.LONG.LE.-104.).AND.(LAT.CT.33.)) 
-OR.((LONG.CT.-104..AND.LONG.LE.-98.).AND. 
((LAT.CT.19..AND.LAT.LT.24.).OR.(LAT.CT.33>)) 
-OR.((LONG.CT.-98..AND.LONG.LE.-20.).AND.(LAT.CT.3 0.)) 
.OR. ( (LONG.GT.-20.. AND-LONG. LE. 0. LAND. (LAT.CT. 3«.)) 
.OR. ((LONG.CT. 0..AND.LONG.LE. 12.).AND. (LAT.CT.38.)) 
.OR.((LONG.GT.12.-AND.LONG.LE.36.>.AND.(LAT.CT.34.)) 
.OR.((LONG.GT.36..AND.LONG.LE.80.).AND.(LAT.CT.30.)) 
.OR.((LONG.CT.80..AND.LONG.LE.95.).AND.(LAT.CT.26.)) 
.OR.((LONG.CT.95..AND.LONG.LE.105.).AND.(LAT.CT.22.)) 
.OR.((LONG.CT.105..AND.LONG.LE.180.).AND.(LAT.CT.30.)) 
ithexx part (Andes mountains » temperate) 
.OR.((LONG.CT.-180..AND.LONG.LE.-80.).AND.(LAT.LT.-32.)) 
.OR.((LONG.GT.-80..AND,LONG.LE.-75.».AND.(LAT.LT.-5.)) 
.OR.((LONG.CT.-75..AND.LONG.LE.-70.).AND.(LAT.LT.-10.)) 
.OR.((LONC.CT.-70..AND.LONG.LE.-63.).AND.(LAT.LT.-13.)) 
.OR.((LONG.CT.-63..AND.LONG.LE.-20.) .AND.(LAT.LT.-32.)) 
.OR.((LONG.CT.-20..AND.LONG.LE.8C-).AND.(LAT.LT.-35.)) 
.OR.((LC«G.GT.80..AND.LONC.LE.180.).AND.(LAT.LT.-28.))) 
TEMPER«.TRUE. 
DO 1 1=1,12 
CALL WEATHR (XDAY(I), ISTAT2, RDD, TMKN, TMKX, VP, WN. RAIN) 
RA INTB ( I ) > AN INT ( RAIN ) 
RAIND(I)*ANINT({RAIN-RAINTB(I))MCC.) 
IF (RAIND(I).LT.1..AND.RAINTB(I).CT.0.) THEN 
*AITO{I)sl. 
ELSEIF (RAIND(I).CT.30) THEN 
RAIND(I) - 3 0 . 
EKCIF 
CONTINUE 
Initial values; not used because updated from RESUN.DAT 
SOILNR » 1 
LONG > 1.0 
LAT • 1.0 
Some outputs 
DATA ( l . I U • FLOAT! ISTN) 
DATA (2.111 * LONG 
RSETRD « .TRUE. 
CALL RNCX5 (RSETRD,IYEAR«!,RAINTB.RAIND,RSERIE) 
-Conversion of total daily radiation from kJ/m2/d to J/m2/d 
RDD » RCD-10CO. 
-Daily rair.tal from generated distribution 
RAIN«RSE*IEUDAY) 
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Insert soil water balance call har* > IF(T:ME.GT.79.)THEN 
CALL SOIL (OUTPUT, TERMNL,IUNITS, IUNITO, FILES, SOILNR, 
fa RAIN, KOF, LAI, ITASK. DELT, 
fa EREF,PTRAN,TRAN,TRANRF) 
—< Insert plane call tier« > 
CALL GRAIN (ITASK, IUNITP, IUNITO, FILEP. OUTPUT, TERMNL, 
& TIME, DAY, DELT, TEMPER, ISTN, 
fa RDD, TMK«. ÎWX, WSO, BIOHAB, II, 
fa TRANRF. LAI, IPROD) 
Dynamic simulation section 
20 IF (.NOT.TERMNL) THEN 
Integration of : 
IF (ITASX.NE.1) THEN 
< Insert plant call bar* > 
IFtTIME.CT.eO.JTHEN 
CALL GRAIN (ITASK, IUNITP, IUNITO, FILEP, OUTPUT, TERMNL, 
fa TIKE, DAY. DELT, TEMPER, ISTN, 
fa ROD, TKKN, TMMX. WSO, BIOMAB, II. 
& TRANRF, LAI, IPROD) 
< Insert water balance call here if required > 
CALL SOIL (OUTPUT, TERMNL,IUNITS, IUNITO, FILES, SOILNR, 
k RAIN, KDF, LAI, ITASK, DELT, 
k EREF,PTRAN, TRAN,TRANRF) 
--< Insert plant call her* > 
CALL GRAIN (ITASK, IUNITP, IUNITO, FILEP. OUTPUT, TERMNL, 
fa TIME, DAY, DELT, TEMPER,ISTN, 
fa RDD, TKMN, TMMX. WSO. BIOMAB, II, 
fa TRANRF, LAI, IPROD) 
ENDIF 
--< Insert potential soil evaporation call here if required > 
CALL HAKKIN (RDD.TKMN.TMKX. EREF) 
--< Insert water balance call here it required > 
CALL SOIL (OUTPUT, TERMNL,IUNITS, IUNITO, FILES, SOILNR, 
& RAIN, KDF, LAI, ITASK, DELT, 
fa EREF, PTRAN, TRAN, TRANRF) 
-- Saving daily transpiration rates during growing season only 
IF (TIME.CT.SO.)TKEN 
PTR(IDAY) > PTRAN 
ATR(IDAY) • TRAN 
LOGDAY(IDAY) « .TRUE. 
ENDIF 
—Tine variables update, check for FINTIM and OUTPUT 
CALL TIMERN (ITASK, DAYB, DELT, PRDEL, FINTIM, 
fa IYEAR, TIME, DAY . IDAY , TERMNL. OUTPUT, NEWYRI 
--Generate output to file if day is equal to a harvest day 
IF (HARDAYU) .NE.0.) THEN 
DO 30 12*1,INHD 
IF (DAY.GT. (HARDAY(I2)-TINY) .AND.DAY.LT. (HARDAY{ 12) •TINY) ) 
fa OUTPUT • -TRUE. 
CONTINUE 
ELSE IF (INHD.GT.1) THEN 
CALL ERROR ('FSE-HAIN', 
fa 'harvest data in tiswr file not correct') 
END IF 
Calculation ef driving variables section 
Terminal section 
—Get weather data for new day and flag nessages 
CALL STINFO (C, WTRDIR. • '. CNTR, ISTN, IYEAR. 
fa ISTATI. LONG , LAT, ELEV, A. B) 
CALL WXATHR (IDAY. ISTAT2, RDD, TMHN, TMMX, VP, WN, RAIN) 
IF (ISTAT1.NE.0.OR.ISTAT2.NE.C» WTRKES « .TRUE. 
--Conversion of total daily radiation fro*» kJ/m2/d to J/a2/d 
RDD « RDO'1000. 
--Daily rainfal froti generated distribution 
RAIN-RSERIEtlDAY) 
Calculation o! rates section 
< Insert plant call here > 
CALL GRAIN (ITASK, IUNITP. IUNITO, FILEP, OUTPUT. TERMNL. 
fa TIME, DAY, DELT, TEMPER. ISTN, 
fa ROD, TMKN, TKMX. WSO. BIOMAB. II, 
fa TRANRF, LAI, IPROD) 
< Insert water balance call here if required » 
CALL SOIL (OUTPUT, TERMNL.IUNITS, IUNITO, FILES, SOILNR, 
fa RAIN, KDF. LAI. ITASK. DELT, 
fa EREF. PTRAN. TRAN. TRANRF) 
IF (TERMNL) THEN 
P-4 
DATA (7,11) - WSO 
DATA (20,21) • BIOHAB 
END IF 
—< Call subroutine which calculated Monthly transpiration 
rates fro* daily values> 
CALL KNTKTR<PTR,ATR.IDAY,ITASK.LOGDAY,MPT,KAT) 
ir (IPROD .EQ. 1) THEN 
DO 41 M • 1,12 
DATA((7*M),ID « HPT(M) 
CONTINUE 
ELSE 
DO 42 K • 1,12 
0ATA((7*M),ID » HAT(M) 
CONTINUE 
ENDIF 
DO 50 II « 1, INSETS 
WRITE (IUNITC,FMT) NINT<DATA<1, ID ) , DATA(7, II) 
CONTINUE 
-Writ« message to screen and log Cil« If warning* and/or error« 
hav« occurred, paus« and wait for return from user 
IF (WTRMES) THEN 
WRITE CMA,/,A,/,A)') ' WARNING fr©» PSE-MAIN: * . 
& * There have been errors and/or warnings from', 
U ' the weather system, eneefc file WEATHER.LOG' 
WRITE (IUNITO, MA,/,A,/,A)') ' WARNING from PSE-MAINt', 
fc ' There have been errors and/or warnings fron', 
6 ' the weather system, check file WEATHER.LOG' 
WRITE C.MA)') • Press <RETURN>' 
READ C , "(A) ') DUMMY 
Delete temporary rerun file if reruns were carried out 
IF (INSETS.GT.0) CLOSE (IUNITR, STATUS-'DELETE') 
Output file (the standard output file OUTPUT.DAT cannot be used 
becuase it is too large ando 'messy' because of the many reruns. 
OPEN (UNITOU,FILE«'RESULTS.DAT'.CARRIAGECONTROL«'LIST', 
S STATUS»'NEW') 
—Write header in reruns file 
WRITE (UNITOU,'(A,/, 2A,/, A)') 
j •• Production data cereal growth model', 
t '• Fermât: ',FRK, 
$ "ISTN LONG LAT SOIL DAYB DURE YIELD HTR1 
$ HTR2 KTR3 KTR4 KTR5 KTR6 KTR7 KTR8 HTR9 
S KTR10 MTR11 HTR12 BIOHASS' 
DO 51 II • X,INSETS 
WRITE (UNITOU,FRM) NINT(DATA(1,II)),ANINT(DATA(2,II>), 
S ANINT(DATA(3,I1)), INT(DATA<4,II)), ANINT(DATA(S,ID>, 
S ANINT(DATA(6,IDI,ANINT(DATA{7.ID).ANINT(DATA(«,ID), 
ANINT(DATA(5,ID),ANINT(DATA(10,ID),ANINT(DATA(11,ID), 
ANINT(DATA(12,ID),ANINT(DATA(13,ID),ANIKT(DATA(14,ID), 
ANINT(DATA(15, I D ) . ANINT(DATAU6. I D ) ,A»IKT(DATA(17 , I D ) , 
ANINT(DATA(18,I1)),ANINT(DATA(19,ID),ANINT(DATA(20.ID) 
STOP 
END 
CLOSE (UNIT » UNITCU) 
' SUBROUTINE GRAIN 
' Author: Prem Bindxaban, April 1992 
Joep Luycen, April 1995 
' Purpose : Simulating • grain crop growth by means of intercepted 
radiation, temperature and Light use efficiency. Light use 
efficiency as a function of the temperature «um. 
SUBROUTINE GRAIN (ITASK, IUNITP, IUNITO, FILEP, OUTPUT, TERMNL, 
6 TIKE, DAY, DELT. TEMPER,ISTN, 
6 DTRT. DTHIN. DTMAX, WSO, BIOHAB, II, 
h TRANRF, LAI, IPROD > 
IMPLICIT REAL (A-Z) 
Formal parameters 
INTEGER ITASK, IUNITP, IUNITO, ITOLD 
INTEGER II, ITFCST, ITFDST, ISTN 
LOGICAL OUTPUT, TERMNL. NEWYR, HARVES, TEMPER 
CHARACTER*C ) FILEP 
--Centrat* output file dependent on option from timer file 
IF (ITABLE.GE-4.AND-IPROD.EQ.1) THEN 
CALL OUTDAT (ITABLE, 20. 
S 'Potential production of cereals. WRR/CABO-DLO-,0.) 
ELSE IF (ITABLE.GE.4.AND.IPROD.EQ.2) THEN 
CALL OUTDAT (ITABLE, 20, 
$ 'Water limited production of cereals. WRR/CABO-DLO',0.) 
END IF 
—Delete temporary output file dependent on switch from timer file 
IF (2DTHF.EC.D CALL OUTDAT (99, 0, * ', 0.) 
--File with output cf zones, location parameters and 
potential crop growth (weight of storage organs) 
OPEN ( IUNITC, FILE-'PZONES.ASC', CARRIAGECONTROL-'LIST' , 
3 STATUS-'NEW') 
--Write header in reruns file 
WRITE (IUNITC, MA,/,2A) •) 
5 •• Prediction data cereal growth model', 
S '• Format: ',FMT 
INTEGER IPROD 
REAL TFCSTdOl ,TFDST(8) 
DATA ITOLD /4/ 
Checking of the taste 
CALL CHXTSK ('GRAIN', IUNITO. ITOLD, ITASK) 
IF (ITOLD.EQ. LAND. ITASK. EQ. 3) THEN 
ITOLD « ITASK 
RETURN 
END IF 
IF (ITASK.EQ.1) THEN 
initialisation section 
IF (DELT.LT.1.0) CALL ERROR ( CRAIN'.'DELT too : 
CALL RDINIT (IUNITP,IUNITO. FILE?) 
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CALL RDSINT t*IPROD', IPROD) 
Initialisation of stat** 
CALL RDSREA ('BIOMI', BICMI) 
BIOH « BIOMI 
CALL RDSREA ('WSOI', HSOU 
WSO « WSOI 
CALL RDSREA CTSUMI*. TSUMI) 
TSUM « TSUMI 
CALL RDSREA <'CINTI•.CINTI) 
CINT « CINTI 
PAR - DTRT/1E6 * FPAR • (1.-REFLEC) 
DaiLy average tawparature ('Cl 
DAVTHP » 0.5 • (DTMAXt-DTMIN) 
Temperature suns for development 
IF (LDAY-CE.DAYPL) DTSUM « 
LIMIT (0.,DEGMAX,HAXIO.,DAVTMP-TRA5E>) 
PLANT GROWTH 
calculation of moisture strass factor 
MSTRES * LIMIT(0.,1.. (1.-TRANRF-0.2H 
MSFLAt • LINT(TFCST,rTFCST,CSTRES) 
NSFGTW « LINT(TFDST,ITFDST,MSTRES) 
CALL RDSREA ('CSTR5I'.CSTRSI) 
CSTRES » CSTRSI 
CALL LINTER (TSUM,FIWT0,TSS0,DUREL,DURES. 
FINT,FINTL,PINTS) 
Cay of planting 
DAYPL * OAY+BO. 
Licht interception parameters. 
CALL RDSREA <'TBA5EI', TBASE1) 
CALL RDSREA CTBASE2 
CALL RDSREA ('DEGMAX 
CALL RDSREA ('TMAJC, 
CALL RDSREA ('TSUMH', 
CALL RDSREA t'FIKTO' 
CALL RDSREA <"DURES' 
CALL RDSREA ('DUREL', 
CALL RDSREA CTS50', 
CALL RDSREA <'LUE', 
CALL RDSREA ('FPAR', 
CALL RDSREA <'REFLEC 
CALL RDSREA ('LAZMAX', LAIKAX) 
Dry matter distribution. 
CALL RDSREA ('HI', HI) 
CALL RDSREA ('fROCT', FROOT) 
CALL RDAREA ('TFCST',TFCST,10,TTFCST) 
CALL ROAREA {'TFDST',TFDST.8.ITFCST) 
CLOSE (IUNITP. STATUS«•DELETE') 
IF (TEMPER) THEN 
TEASE > TSASEI 
ELSE 
TBASE • TBASE2 
ENDIF 
, TBASE2) 
, DEGMAX) 
THAX) 
TSUMH) 
FIMTD) 
DURES) 
DUREL) 
TSSO) 
LUE) 
FPAR) 
, REFLEC) 
NEWYR * .FALSE. 
Light interception, LAI-conversion for soil water balance 
IF (IPROD.EQ.l) THEN 
PARINT « FINT * PAR 
LAI « FINT * LAIMAX 
ELSE IF (IPROD.EQ.2) THE» 
SFINT « FINT • KSFLAI 
PARINT « SFINT • PAR 
LAI * SFINT • LAIKAX 
END IF 
Total growth rate (kg DM/ha/d) fron intercepted par (MJ/m2/d) 
IF (IPROD.EQ.1) THE» 
CTW « LUE • PARINT • 10. 
ELSE IF (IPROD.EQ.2) THEN 
CTW « MSFGTW • LUE * PARINT • 10. 
END IF 
ELSE IF (ITASX.EQ.3l THE» 
Temperature su» for development 
TSUM » INTCRL (TSUM, DTSUM, DELT) 
Cumulative noisture stress 
CSTRES » IKTGRL (CSTRES, MSTRES, DELT) 
Total intercepted radiation. 
« N T » INTCRLICINT, PARINT, DELT) 
Dry weights of total biostasx, including storage organs (kg DH/ha) 
BXOM » INTGRL (BIOM, GTW, DELT) 
Determine the finish conditions of the simulation 
HARVES * FINTS.LE.0..AND.TSUM.CT.TSUMH 
IF (.NOT.TERKNLI TERMNL * HARVES 
ELSE IF (JTASK.EQ.2l THEN 
IF (.NOT.NEWYR.AND.DAY.LT.DAYPL) THEN* 
NEWYR * .TRUE. 
END IF 
IF (NEWYR) THEN 
LDAY - DAY * 365. 
ELSE 
LDAY > DAY 
END IF 
Daily photosyr.ttlecically ective radiation (PAR. HJ/nat/d?)) 
correct«! for reflection |C») 
ELSE IF (ITASR.EQ.4) THEN 
IF (TERMNLI THEN 
Above ground biosass production is not equal to BIOK, as LUE used 
is for production of total bioross, including roots! 
BIOHAB » BIOM * (I.-FROOT) 
Yield (including 15% misture) corrected for storage losses (10%) 
WSO « BIOHAB * HI • 0.9 / 0,85 
ENDIF 
END IF 
STOLD « ITASK 
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SUBROUTINE SOIL 
Author« : Peter Kootnw) 
Pre» Bindraban, 29 May 1993 
Purpose: This subroutine calculât«« the soil moisture with the 
soil as on« layer. 
SUBROUTINE SOIL (OUTPUT, TERMNL,IUNITS, IUNITO, FILES, SOILNR. 
t RAIN, KDF, LAI, ITASK, DELT, 
a EREF.PTRAN,TRAN,TRANRF) 
CALL RDAREA ('SMRTZI-,SMRTZI,ISOIL,ITMP) 
SMRTZ « SMRTZI(SOILNR) 
CALL RDAREA <'SM2I',SM2I,ISOIL,ITMP) 
SM2 • SM2KSOILNR) 
CALL RDAREA ( •RDFSMT* , RDFSMT. ITABLE, IRDFSM) 
CALL ROAREA ('PTB'. PTB. ITABLE,IPTB) 
CLOSE (IUNITS, STATUS»'DELETE') 
IMPLICIT REAL <A-Z) 
INTEGER ITASK, IUNITS, IUNITO,SOILNR 
Output and Tarmnl not usad as no output i« requested 
before harvast 
LOGICAL OUTPUT, TERNNL 
CHARACTER* SO PILES 
standard local daclaratjons 
INTEGER ITABLE, ITOLD, ISOIL, ITMP 
PARAMETER (ITABLE«100,ISOIL-10J 
ELSE IF (ITASK ,EQ. 2) THEN 
Volumetric «oil moisture contant of root rona (VSM) 
VSM » SMRTZ / RTD 
transpiration " " 
Potential transpiration (PTRAN. nn/day) fro« raforanca 
evapoeransp.(EREF), crop factor (CRPF), and absorbed solar 
radiation. Actual transpiration (TRAN) from PTRAN and soil 
moisture contant (VSM) 
REAL RDFSMTIITABLE), PTB(ITABLE) 
INTEGER IRDFSM,IPTB 
PTRAN « EREP • CRPF • 
t (1. - EXP(-0.7 • KDF * LAI)) / (I.- EXP(-0.7 • KDF • 3.)) 
REAL AVSMFCaSOIL) , AVSMWP( ISOIL) , ASMFC2 ( ISOIL) 
REAL ASMAD2<ISOIL), ARTD(ISOIL), APROP< ISOIL) , ACRPFUSOIL) 
REAL SMRT2K ISOIL), SM2KISOIL) 
DATA ITOLD I Ai 
In grainpsb.for, light interception is converted to LAI, for 
soil tater balance 
P • LINT(PTB, IPTB, EREF) 
VSMCR • (l.-P) * (VSMFC-VSMWP) • VSMWP 
TRANRF « LIMIT(0., 1-, (VSM-VSMWP) / (VSMCR-VSMWP)> 
TRAN • PTRAN * TRANRF 
IF (ITOLD.EQ.LAND.ITASK.EQ.3) THEN 
ITOLD « ITASK 
RETURN 
END IF 
Cheeking of the task 
CALL CHKTSJC ('SOIL', IUNITO, ITOLD, ITASK) 
IF (ITASK .rQ. 1) THE» 
KDF » 0.75 
Soil evaporation *** 
Soil evaporation (EVAP) fron reference evapoeransp. (EREF) 
0cgH2O/m2/day), fraction of solar radiation transmitted 
through the canopy and relative soil aoutur« content of 
top 2 ca (VSM2) 
Alternative: relation with relative soil moisture content of 
root xone 
VSK2 • (ISM2/0.02) - VSMAD2) / (VSKFC2 - VSMAD2) 
RDFSK • LINT(RDFSMT, IRDFSM, VSK21 
CALL RDINIT (IUNITS. IUNITO, FILES) 
CALL RDAREA ('AVSKTC-.AVSMFC,ISOIL,ITMP) 
VSMFC » AVSMFC(SOrLNR) 
CALL RDAREA ('AVSMWP'.AVSHWP,ISOIL,ITMP) 
VSMW? • AVSMWP(SOILNR) 
IF(VSM.LT.VSMWP)THEN 
EVAP=C. 
ELSE 
EVAP » EREF • EXP(-C.7 • KDF • LAI) • RDFSM 
ENDIP 
EVAP2 « MIN (EVAP • (1.-EXP(-PROP"C.02)) . SM2 - 0.C2'VSMAD2) 
CALL RDAREA CARTD',ARTO. ISOIL. ITMP) 
RTD • ARTD(SOILNR) 
CALL RDAREA ('APROP*.APROP.ISOIL,ITMP) 
PROP • APROP(SOILNR) 
CALL RDAREA ('ASKPC2',ASMFC2,ISOIL,ITMP) 
VSMFC2 » ASMFC2(S0ILNR) 
CALL RDAREA ('ASMAD2•, ASMAD2,ISOIL.ITMP) 
VSMA02 • ASMAD2(SOILNR) 
CALL RDAREA ('ACRPT'.ACRPF.ISOIL.ITHPl 
CRPF • ACRPF(SOILNR) 
P e r c o l a t i o n (kgH20/»2/day) 
PERC » MAXlO., SMRTZ • RAIN - EVAP - TRAN - RTD • VSMFC) 
PERC2 > MAX ( 0 . , SM2 • RAIN - EVAP2 - 0.02'VSMFC2) 
Changes i n s o i l mo i s ture per day. 
CSMRT2 • RAIN - EVAP - TRAN - PERC 
CSM2 • RAIN - EVAP2 - PERC2 
ELSE IF (ITASK .EQ. 3) THEN 
SMRTZ » INTCRLfSMRTZ. CSMFTZ. DEL7) 
SM2 • : N T 0 R L ! 5 M 2 . CSM2. OELT! 
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Purpos«: calculation of »atonal cours* o! fractional light 
interception. 
SUBROUTINE LINTER (TSUM,PINTO.TS50,DUREL,DURES, 
S FINT.FINTL,FINTS) 
SUBROUTINE MNTHTR 
Author: Pram Bindraban, June 1992 
Purpuse: calculates monthly potential and actual 
transpiration, by cunulating daily values. 
SUBROUTINE MWTHTR(PTR.ATR,IDAY.ITASX.LOCDAY,MPT,MAT) 
IMPLICIT REAL (A-Z) 
INTEGER IDAY, ITASK, H 
INTEGER ENOMTHU3) 
REAL PTR(J6S), ATR(36S) 
REAL MPT(12), MAT f 12) 
LOGICAL LOGDAY(365) 
Last days of the nonths 
LATA EKDMTH /0,31,59,»0,120,151,111,212,243,273,304,334,365/ 
IF (ITASK .EC. 4) THEN 
DO 10 IDAY s 1, 36S 
IF (.NOT.LOGDAY(IDAY>) THEN 
PTR(IDAY) * 0. 
ATR(IDAY) - 0. 
ENE IF 
I CONTINUE 
DC 20 M • 2,13 
H • 2 represent January 
MPTm-1) - 0. 
KAT(M-l) - 0. 
DO 21 IDAY » (ENDKTH(M-1>*1».ENDKTH(M) 
MPT(M-l) • HPT<K-1> • PTR(IDAY) 
MAT(K-l) » MATtK-1) • ATR(IDAY) 
I CONTINUE 
) CONTINUE 
ENDIF 
RETURN 
END 
IMPLICIT REAL(A-Z) 
IF 1TSUH.ŒT.0.) THEM 
Light intarcaption during tha phasa of laaf araa expansion 
FINTL « FINTO • ((1-FINTOj/DUREL • TSUM) 
Light intarcaption during tha phasa of senescence of tha foliage 
FINTS * LIMIT (0., 1., 0.5 - (TSUM - TS50I / DURES) 
Fractional light intarcaption of tha canopy 
FINT » MIN (FINTL,FINTS) 
ELSE 
FINT * 0. 
ENDIF 
RETURN 
ENS 
SUBROUTINE MARK IN 
Author : C.J.T. Spitters, April 19B9 
Purpose : Calculate reference évapotranspiration (nc/d) for short 
grass in the Netherlands with KaWtink equation. 
SUBROUTINE KAKXIN {DTRT. DTKIN. DTKAX. EPEF1 
IMPLICIT REAL (A-Z) 
PARAMETER(LABDA > 24S4.E3) 
PARAMETER(GAMMA • 0.6SB) 
DAVTMP « 0.5 * (D'AIN • DTKAX) 
SVP « 6.11 • EXPU7.4 - DAVTKP/<DAVTHP*239.H 
SLCPE • 41Si.« • SVp / (DAVTKP»;39.f-2 
EREF • C.45 • (SLCPE / (SLOPE*CAJ«A)» • DTRT/ LABDA 
RETURN 
END 
S"EBCCT:NE LINTER 
Autr.cr: C.J-T. S p i t t e n , May 19*2 
Pre». i;ndrabar., M«y 1992 «adjusted> 
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Appendix Q: Listing PLANT.DAT 
*********************************************************** 
* File: PLANT.DAT 
* Plant characteristic input parameters for model 
*********************************************************** 
* Production level (1 = potential; 2 = water limited) 
IPROD = 1 
********************** initialization ********************* 
* Biomass 
BIOMI = 0. 
* Weight of storage organs 
WSOI = 0. 
* Temperature sum 
TSUMI = 0. 
* (Initial cumulative) Light interception 
CINTI = 0. 
* Cumulative crop water stress 
CSTRSI = 0. 
****************** Temperature requirements *************** 
* Base temperature for crop development 
* ** Temperate climate 
TBASE1 =0.0 
* ** Tropical climate 
TBASE2 = 10.0 
* Maximum temperature for crop development (temp + trop) 
TMAX = 30.0 
* temperature sum at 50% light interception during sen. phase 
TS50 = 1550. 
* Temperature sum at harvest 
TSUMH = 1850. 
* Maximum accumulation of temperature per day 
DEGMAX = 25. 
* ????? 
HISLP = 0.00046 
INDHII = 580. 
************* Light interception and production ********** 
* Fraction intercepted radiation at start of growth 
FINT0 = 0.015 
* Duration of leaf expansion to reach complete absorption 
DUREL = 600. 
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* Duration of leaf senescence to reach zero absorption 
DURES = 600. 
* LAI at maximum light interception 
LAIMAX =4.0 
* Harvest index (0.45 HEI, 0.40 LEI) 
HI = 0.45 
* root fraction 
FROOT =0.1 
* Light use efficiency 
LUE =3.0 
* Fraction of global radiation as PAR 
FPAR =0.5 
* Fraction reflection 
REFLEC =0.1 
********************* water stress *********************** 
* Water stress on leaf area dependent on cumulative stress 
TFCST = 0., 1.0, 
10., 1.0, 
50., 0.5, 
75., 0.0, 
200., 0.0 
* Water stress on daily biomass production 
TFDST = 0., 1.0, 
0.5, 0.50, 
0.75, 0., 
1.0, 0. 
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Appendix R: Listing SOIL.DÄT 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
* File: SOIL.DÄT 
* Soil characteristic input parameters for model 
******************************************************************* 
* Soil types : l:coarse, 2 : coarse-medium, 3:medium, 4:medium-fine 
* 5:fine, 6 : coarse-medium-fine, 7:coarse fine, 8:peat 
* Volumetric soil moisture contents at field capacity (AVSMFC), 
* wilting point (AVSMWP), and air dryness (AVSMAD). 
* (unit: kg H20/m3; 10 kgH20/m3 = 1 vol%) 
AVSMFC = 130.,240.,320.,460.,540. ,240.,240.,522. 
AVSMWP = 40.,100.,100.,300.,440.,100.,100.,130. 
AVSMAD = 30.,70.,70.,200.,430.,70.,70.,30. 
* Maximum rooting depth (m) 
ARTD =0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6 
APROP = 10.,10.,10.,10.,10.,10.,10.,10. 
ASMFC2 = 130.,240.,320. ,460.,540.,240.,240.,522. 
ASMAD2 = 30.,70.,70.,200.,430.,70.,70.,30. 
* Soil water depletion factor (P) 
PTB = 0..0.50, 1.,0.50, 4.,0.40, 6.,0.35, 10.,0.25 
* Soil moisture in the root zone (kg H20/m2 = mm) 
SMRTZI = 78.,144.,192.,276.,324.,144.,144.,313. 
SM2I = 2.6,4.8,6.4,9.2,10.8,4.8,4.8,10.4 
* Crop factor 
ACRPF = 10*1.1 
* Reduction soil evalopration 
RDFSMT = -0.5,0.1, 0..0.25, 0.2,0.25, 0.22,0.27, 0.33, 0.9, 
1. ,1., 1.5,1. 
* Initial soil type number; is updated by combining with 
* RERUNS.DAT (in MAIN.FOR) 
SOILNR = 1 
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Appendix S: Listing TIMER.DAT 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
* File: TIMER.DAT 
* Timer input parameters for running model 
****************************************************************** 
!C:\WRR\WEATHER\ 
'.MULLR 
* Station number of weather data; is updated by combining 
* with reruns.dat (in MAIN.FOR) 
ISTN = 1 
* Year of weather data (1000 = monthly average over 30 years) 
IYEAR = 1000 
* Initial start day of simulation; is updated by combining 
* with RERUNS.DAT (in MAIN.FOR) 
DAYB = 100. 
* Initial finish time of simulation; is updated by combining 
* with RERUNS.DAT (in MAIN.FOR) 
FINTIM = 210. 
* Time between consecutive outputs to file 
PRDEL = 300. 
* Time step of integration 
DELT = 1. 
* Format of output file: 
* (0 = no output table, 4 = normal table, ITABLE = 4 
* 5 = Tab-delimited (for Excel), 6 = TTPLOT format) 
ITABLE = 4 
* Switch variable what should be done with the temporary 
* output file (0 = do not delete, 1 = delete) 
IDTMP = 0 
* List of harvest data for which output is required 
* 0 = no harvest data 
KARDAY = 0. 
Appendix T: Listing LINPUT.FOR 
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PROGRAM LIKPUT 
* Author; Pres Bindraban, July 1992 
* Joep Luvten, August 199« (modified) 
* Purpos«: Calculation of nitroger.-liatited and nitrogen/water-
* li»it«d production and pollution with LEI farming. 
* Input fil«: LPNLT.DAT, PTPRDLT.DAT, WLPRDLT.DAT, SEASONL.DAT 
* and weather filas. 
* Output fil«: PTIKPTL.DAT, WLtNPTL.DAT 
CALL RDSREA (•RECREO•. RECRED) 
CALL RDSREA {'RECYC', RECYC) 
CALL RDSREA CRFIX', RFIXin) 
CALL RDSREA f'FIX', FIX) 
CALL RDSREA l'NCMAX', NCHAX) 
CALL RDSREA ('HUE', HUE) 
CALL RDSREA CFROOT-, FROOT) 
CALL RDSREA CHI 1, Kl) 
CALL RDSREA ('BRED', BRED) 
CALL RDSREA CIEFF', IEFF) 
CLOSE (10, STATUS='DELETE") 
IMPLICIT REAL (A-Z) 
INTEGER J, 1ER. IG, IREC, IOS, IYRSUR, ISESUR 
INTEGER STNR(978), SEASNR(978), XDAYU2), KOKTKS 
INTEGER ISTN. ISTN2, SOIL, SOIL2, POLLUT, POLLU2 
INTEGER ISTAT1, IYEAR, IDAY1, IDAY2, NDAYS(12) 
REAL WTPT(12J. WTWL(12), WRQ(12), RECT(8,S), DENIFT (8,5) 
CHARACTER"80 DIR, CNTR 
CHARACTER-SS FRM1, FRM2 
LOGICAL WTRKES, KNTH0KU2), TEMPER 
-Writ« header t o output Ci l« 
WRITE ( 1 9 . • ( A , / . A . / , A > * > 
$ '*—Environmental Load LEI' , 
S '* Format: •,FRM1, 
$ ' ISTN LONG LAT SOIL DAYB DURE YIELD 
S NLSHAX NLEACH POLLUT WATREQ' 
-Check weather reading 
WTRKES « .FALSE. 
DATA RECT / 0 . 5 , 0 . 5 3 , 6 " 0 . 5 5 , 
$ 0 . 5 4 . 0 . 5 7 , « - 0 . 6 0 . 
$ 0 . 5 9 , 0 . 6 2 , 6 * 0 . 6 5 , 
$ 0 . 6 3 , 0 . 6 7 , 6 - 0 . 7 0 , 
$ 0 . 6 « . 0 . 6 9 , 0 . 7 5 , 0 . 7 2 , 0 . 6 8 , 3 * 0 . 7 5 / 
DATA DENIFT /0.0, O.OS, 0.10. 0.2«, 0.29, 0.15, 0.19, 0.29, 
$ 0.0, 0.08, 0.15, 0.38, 0.46, 0.23, 0.30. 0.46. 
$ 0.0. 0.10, 0.21. 0.53. 0.64, 0.32, 0.42, 0.6«. 
$ 0.0. 0.13. 0.25. 0.67. 0.75, 0.38, 0.50, 0.75, 
$ 0.0. 0.13, 0.25, 0.67, 0.75, 0.38. 0.50, 0.75/ 
DATA CIR /'C:\WRR\WEATHERV/ 
DATA CNTR /'KULLR1/ 
DATA IYEAR /1000/ 
'previous' values 
ISTN2 • 0 
SOIL2 « 0 
DAYB2 • 0.0 
POLLU2 > 0 
YRSUR2 * 0.0 
SESUR2 > 0.0 
HLEAC2 » 0.0 
NLSKA2 - 0.0 
WSOPT2 « 0.0 
WSOWL2 * 0.0 
WRQTT2 »0.0 
HAIN CALCULATION LOOP 
—Array with Julian day nuabers 
DATA XCAY /IS.46,7«,105,135,166.196.227,2S8,288,319,349/ 
DATA KDAYS /31.28.31.30.31.30,31,31,30,31,30.31/ 
Data forroat for the two output files 
DATA FRM1 /'(I5.2F6.0,15,2FS.0,F8,C.2F7.1.13.F8.0)*/ 
DATA FRK2 /'(IS,2F6.0,IS,2F5.0.F«.C,2F7.1,13)'/ 
READ (17,'{IS,2(F6.0).IS.2(FS.O>.F8.0.12F6.0.F8.0) \IOSTAT=IER> 
5 ISTN, LONG. LAT. SOIL, DAYB, DURE. YIELPT, WTPTU). WTPT(2l . 
k WTPT(3). WTPT<4). WTPT(5). WTPT(6). WT?T(7), WTPT(8), 
6 WT7T(9). WTPT(IO). WTPT(II), WT?T(12), BIOPT 
READ (28 . ' {32X.F8 .0 ,12 f6 .0 ,F8 .0 ) ' , IOSTAT«IOS) YISLWL, WTWLQ). 
k WTWL{2), WTWLO). WTWL{4). WTWL(S), WTWL(6), WTVL(7), 
k WTWL(8). WTWL(9). WTWL(IO), WTWL(ll), WTWL112), BIOWL 
Input and output f i l e s 
OPEN (17.FIL£«'PTPRDLT.DAT-.STATUS»'0LD'. ACCESS**SEOUENTIAL1> 
OPEN (28,FILE*1WLPRDLT.DAT*.STATUS-'OLD'.ACCESS"•SECUENTIAL') 
OPEN (18.FILEmSEASCNL.DAT'.STATCS--CLD*. ACCESS« SEQUENTIAL') 
OPEN (19,FILE«•PTINPTL.DAT',STATUS-'UNKNOWK',ACCESS.'SEQUENTIAL1) 
OPEN (21 . FILE« 'WLINPTL.DAT" .STATUS« 'UNKNOWN* .ACCESS» 'SEQUENTIAL' ) 
IF (1ER.LT.0.OR.IOS.LT.0) THEN 
GOTO 999 
ELSEIF CER.CT.O.OR.IOS.GT.O) THEN 
WRITE C.*1/.1X.A,/)•) -Reading error occured;• 
GOTO »99 
END1F 
DO 1C IREC«1,978 
READ (18.*(BX.I4.8X.14)' .IOSTAT*IOS) 
S STNRIIPEC). SEASNRCREC) 
CCNTINUE 
N i t r c g e n balar.ee inputs 
CALL * C : N : T CC.O. L P L N T . D A T ' I 
CALL PD5REA INLEG'. NLEG) 
IG « IG * 1 
WHITE (',*(A.I5)*) -«Processing record '.IG 
I? HY:EL?T.L7.Y:ELWL).OR.IBIOPT.LT.BIOWLI > THEN 
WRITE ( " . ' ( ' . A . / ) ' J • ERROR: pot -prod « wl -prod' 
QiZXT 
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Only longitude «id latitude differ. Grid cells ut* the 
•am« data; us« previous values 
IP ((ISTN.EQ.ISTN2).AND.(SOIL.EQ.SOIL2).AND. 
t (DÀYB.EQ.DAYB2)) GOTO 30 
Determination of number of growing seasons in on« year. 
CSNR • FLOAT(SEASNR(IST»)) 
if no growing seasons or unsuited soil, than no production 
IF UGSNR.EQ.0.) -OR. (SOIL.EQ.9) .OR. (SOIL.EO-O)) GOTO 70 
•-Open weather fil« and read station data. Check status weather 
system.; WTRMES flags if warnings or errors have occurred. 
CALL 5TINF0 (0, DIR, * -, CNTR, IST», IYEAR, 
a ISTAT1, LNG, LT. ELEV, A, B) 
IF (ISTA71.NB.0) WTRKES • -TRUI. 
Calculate which months are within this growing season 
IDAY1 » IWT(DAYB) 
IDAY2 » 1 • MOD ((DAYB*DURE-1). 365) 
IF (IDAY1.LT.IDAY2) THEN 
growing seasons within the same calender year 
DO 50 J»l,12 
MNTHOK(J) « .FALSE. 
I F ( I D A Y l . L E . X D A Y ( J ) . A M D . I D A Y 2 . G E . X D A Y ( J ) ) 
fc HNTHOK(J) > .TRUE-
CONTINUE 
ELSE 
growing seasons w i t h i n two s u c c e s i v e calender y e a r s 
DO 51 J - 1 , 1 2 
HNTHOK(J) « .TRUE. 
IF (1DAY2.IT.XQAY(J).AND.IDAY1.CT.XDAY(J) ) 
t HNTHOX(J) * -FALSE. 
CONTINUE 
ENDIF 
Calculât« precipitation surplus characteristic, both on 
and growing seasonal base. Precipitation deficit not used. 
YR5UR * o. 
SESUR > 0. 
MONTHS • 0 
DO 21 J-1,12 
CALL WEATKR IXDAY(J) , ISTAT2 ,RDD,TMHN,TMMXrVP,WN,RAINTB) 
RAIN«ANINT(RAINTB> 
Conversion of t o t a l d a i l y r a d i a t i o n fro» kJ/m2/d t o J/m2/d 
ROD - RDD • 1000. 
CALL MAKKIN (RDD, TMKN, TMMX. EREF) 
EP.EF » EREFTIDAYS(J) 
surplus whole year: 
YllSUR * YRSUR • (RAIN-EREF) 
IF (MNTHOK(J)) THEN 
MONTHS • MONTHS • 1 
* surplus in growing seasons months only: 
SESUR - SESUR • (RAIN-EREF) 
C WRITE <*,,(1X,I5,3F5.0,2<3F7.2)) •) 
C 6 ISTN.DAYB,REAL)IDAY2),REAL(XDAY(J)) , RAIN,EREF 
ENDIF 
Reduction in annual precipitation surplus, only for further 
calculations concerning denitrification (DENIFT), not for 
recovery values {RECTÏ. Reduction factor depends on climate zone. 
TEH PEP • .FALSE. 
northern part (Himalaya and mexico mountains » temperate) 
IF U (LOC.GE.-180..AND.LONG. LE.-104.). AND. (LAT.CT. 33.)) 
-OR.({LONG.CT.-104..AND.LONG.LE.-98.).AND. 
((LAT.CT.19..AND.LAT.LT.24.).OR.(LAT.CT.33))) 
.OR.((LONG.CT.-98..AND. LONG.LE.-20.).AND.(LAT.CT.30.)) 
-OR.((LONG.CT.-20.-AND.LONG.LI.0.).AND.(LAT.CT.3«.)) 
-OR.((LONG.CT.0..AND.LONG.LE.12.).AND.(LAT.CT.38.)t 
.OR.((LONG.CT.12..AND.LONG.LE.36.).AND.(LAT.CT.34.)) 
.OR.((LONG.CT.36..AND.LONG.LE.80.).AND.(LAT.CT.30.)) 
.OR.((LONG.CT.B0..AND.LONG.LE.9S.).AND.(LAT.CT.26.)) 
.C«.({LONG.GT.95..AMD.LONG.LE.10S.).AND.(LAT.CT.22.)) 
-OR.((LONG.CT.105..AND.LONG.LE.180.).AND.(LAT.CT.30.)) 
southern part (Andes mountains * temperate) 
.OR.((LONG.GT.-180..AND.LONG,LE.-80.).AND.(LAT.LT.-32.)) 
.OR.((LONG.CT.-80..AND.LONG.LE.-75.).AND.(LAT.LT.-S.)) 
• OR.((LONG.CT.-7S.. AND.LONG.LE.-70.).AND.(LAT.LT.-10.)) 
.OR.((LONG.CT.-70..AND.LONG.LE.-63.).AND.(LAT.LT.-13.)) 
.OR.((LONG.GT.-63..AND.LONG.LE.-20.).AND.(LAT.LT.-32.)) 
-OR.((LONG.GT.-20..AND.LONG.LE.80.).AND.(LAT.LT.-3S.)) 
.OR.((LONG.CT.80..AND.LONG.LE.180.).AND.(LAT.LT.-28.))) 
TEMPER».TRUE. 
Reduction. Has only effect on denitrification valuest 
These become lower, so N leaching becomes higher1. 
IF (TEMPER) THEN 
YRSUR > YRSUR • 0.5 
ELSE 
YRSUR » YRSUR • 0.25 
ENDIF 
N-recovery depends of rain surplus in growing season. 
IF (SESUR.GT.700.) THEN 
ISESUR*1 
ELSEIF ({SESUR.CT.500.).AND.(SESUR.LE.700.)) THEN 
ISESUR-2 
ELSEIF {(SESUR.GT.300.).AND.(SESUR.LE.500.)) THEN 
ISESUR«3 
ELSEIF ((SESUR.GT.100.).AND.(SESUR.LE.300.)) THEN 
ISESUR-4 
ELSEIF (SESUR.LE.100.) THEN 
ISESUR'5 
ENDIF 
Denitrification depends of REDUCED rain surplus in whole year. 
IF (YRSUR.CT.900.) THEN 
IYRSUR=5 
ELSEIF ((YRSUR.GT.650.)-AND.(YRSUR.LE.900.)) THEN 
IYRSUR=4 
ELSEIP {(YRSUR.GT.400.).AND.(YRSUR.LE.650.)) THEN 
IYRSURO 
ELSEIP ((YRSUR.GT.ISO.).AND.(YRSUR.LE.400.)) THEN 
lTRSUR-2 
ELSEIP (YRSUR.LE.150.) THEN 
IYRSUR-1 
ENDIF 
Parameter derivation 
REC « RECT(SOIL.ISESUR) 
FDENIF* 0ENIFT(SOIL,IYRSUR) 
Recovery of fixed nitrogen set at zero when precipitation 
surplus in growing seasons exceeds 500 mm. 
RFIX « RFIXin 
IF (SESUR.GT.500.) RFIX » 0.0 
Calculation nitrogen uptake. 
TELLER* (NLEC-ÄEC-RECRED) • (RFIX'FIX*{(1.-REC-RECRED)*NLEG)) 
NOEMER » l.-(RECYC»REC-RECRED»-(RECYC'RFIX*FIX*(l.-REC*RECREDn 
NUPT • TELLER/NOEMER 
1
 Nitrogen 'pool' 
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KPOOL « (U1.-R£CRED*REC)*NLEG) • ( (1 .-RECTŒD*REC) •RECYC-NUPT)) 
* Nitrogen loss 
NLOSS « (l.-FIXCNPOOL • {l.-RFrX) •FIX'NFOOL 
* Danitrification 
NDENIF • FDENIF • NLOSS 
* Leaching (Kg/ha) and nitrogen concentration leachate (mgN/1) 
NLEACH * NLOSS - NDENIF 
WRQTT « 0 . 
ELSE 
RATIO « (BIOKAB-8IOWL)/(BI0PT-BIOWL) 
WROTT « WRQT'RATIO 
END IF 
ENDIF 
* Haxinun l each ing a l lowed (kg N/ha) 
* NCMAX i s staxiaum c o n c e n t r a t i o n a l lowed in 1 «achat« (rag N/ l ) 
* Minimum maximum-loss s « t a t 200 urn annual p r e c i p i t a t i o n surplus 
NLSMAX » MAX{2-NCMAX,YR5UR'NCMAX/100.)/CSNR 
* Check whether NLSMAX i s exceeded by NLEACH 
IF (NLEACH.CT.NLSMAX) THEN 
POLLUT • 1 
ELSE 
PCLLUT • 0 
ENDIF 
repeat previously calculated values 
WSOPT » WSOPT2 
HSOWL « NSOWL2 
NLEACH > NLEAC2 
NLSMAX - NLSMA2 
YRSUR « YRSUR2 
SESUR • SESUR2 
FOLLUT * POLLU2 
WROTT * WROTT2 
Nitrogen check 
INPUT • NLEG 
OUTPUT • R£CYC*NUPT»NLOSS 
IF (ABS(INPUT-OUTPUT).CT.0.001) THEN 
CALL ERROR ('NBAL*,'Nitrogen balance incorrect') 
ENDIF 
Biomasa production and nitrogen-limited yield. Yield contains 
15% moisture, and 10% post-harvest storage losses are assumed. 
BIOHAS m NUE * NUPT 
BIOHAB • BIOHAS * (l.-FROOT) 
WSO » BIOKAB • HI • 0.9 / 0.85 
Reduction of the old potential and water-limited yields; the can 
never b« higher than the calculated nitrogen-1imited yield. 
BRED is biomass reduction factor due to no biocide application. 
nitroger.-limited ( •potential ' ) production 
WSOPT • U.-BR£D)*MIN(WSO,YIELPT) 
nitrogen/water-limited production 
WSOWL • (1.-BRED)'HIN(WSO, YIELWL) 
1
 water requirement 
WRQ(l) - HAX(0. 
WRQ(2) * KAX(0. 
WRQO) > HAX(0. 
WRQ<4) - KAX(0. 
WRQ(5> » HAX(0. 
WRQ(€) s HAX(0. 
WRQ(7) M MAX(0. 
WRQ(C) • HAX<0. 
WRQ19) > MAXlO. 
WRQ410) > HAX(0 
WRQ(ll) - KAX(0 
WRQ(12) > KAX(0 
x p«r month 
.(WTPT(l) - WTWL(l))) / IEFF 
,(WTPT(2) - WTWL(2))) / IEFF 
,(WTPT(3) - HTWL(3)>) / IEFF 
,(WTPT<4) - WTWL(4))) / IEFF 
,(WTPT(5) - WTWLI5))) / IEFF 
,<WTPT(É» - WTWL(«)J) / IEFF 
,(WTPT(7) - WTWL(7))> / IEFF 
,(WTPT<8) - WTWL(I)Ï) / IEFF 
,(WTPT(9) - WTWL(9))) / IEFF 
(WTPT(IO) - W T W L U O m / IEFF 
..(WTPT(ll) -WTVLUl))) / IEFF 
.(WTPTU2) -WTWLI12))) / IEFF 
***** water requirement per year 
WRQT »0.0 
DO 223 Jol.12 
WFQT « WROT • WRQ(J) 
223 CONTINUE 
***" reduction in annual water requirement 
IF (BIOMAB.GE.BIOPT) THEM 
WROTT * WROT 
ELSEIF (BIOKAB.LE.BIOWL) THEN 
WROTT = 0. 
ELSE 
IF iBIOPT.LE.BIOWL) THEN 
* to avoid division by xero 
70 WSOPT » 0. 
WSOWL * 0. 
WRQTT « 0. 
NLEACH - 0. 
NLSMAX - 0. 
POLLUT • 0 
* output results 
80 WRITE (19.FRMI) ISTN, LONG, LAT, SOIL, DAYB, DURE, 
& WSOPT. NLSMAX, NLEACH. POLL'JT, WRQTT 
WRITE (21.FRM2) ISTN, LONG, LAT, SOIL, DAYB, DURE, 
t, WSOWL, NLSMAX. NLEACH. POLLUT 
* sec previous values 
ISTN2 • ISTN 
DAYB2 • DAYB 
SOIL2 = SOIL 
WSOPT2 » WSOPT 
WSOWL2 * WSOWL 
WROTT2 • WRQTT 
NLEAC2 » NLEACH 
NLSMA2 • NLSMAX 
P0LLU2 » POLLUT 
YRSUÎ12 - YRSUR 
SESUR2 > SESUR 
* End of calculation loop 
GOTO 20 
IF (WTRMES) THEN 
WRITE (*, * (A,/,A,/,A> •> * WARNING from FSE-MAIN: • 
& * There have been errors and/or warnings from', 
b ' th« weather system, check file WEATHER.LOG' 
WRITE C,'<A>') ' Press <RETUSK>* 
READ (*, MA) ') DUMMY 
999 CLOSE(17> 
CLOSE(18) 
CLOSE!19) 
CLOSE(21) 
CLOSEI28) 
• SUBROUTINE HAKXIN 
" Author : C.J.T. Spltters. 19 April 1989 
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purposa : Calculated rafaranca avapotranspiratlon (mo/d) for short 
grass in tha Natharlands with tha Makklnk aquation 
«/•ROUTINE KAKXIN (DTRT. DTMIN, DTMAX, EREF) 
IMPLICIT REAL (A-Z) 
PARAMETER(LABDA • 2454.E31 
PARAMETER(GAMMA > 0 .65a] 
DAVTMP • 0 . 5 • (DTMIK * DTMAX) 
SVP » é . 1 1 • EXPU7.4 ' DAVTMP/(DAVTMP»239.)) 
SLOPE » «154 .« • SVP / (DAVTMP-239,)*'2 
EREF * 0.65 * (SLOPE / (SLOPE*GAMMA)) * DTRT/ LABDA 
RETURH 
END 
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Appendix U: Listing LPLNT.DAT 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
* File: LPLNT.DAT 
* Nitrogen input parameters for LEI scenario 
********************************************************** 
* Fixed nitrogen through legumes, non-legumes and deposition 
NLEG = 90. 
* Maximum nitrogen concentration allowed in percolate 
* Norm: 50 mg N03/1 > 11.3 mg N/1 
NCMAX =11.3 
* Nitrogen use efficiency (in HEI 112, in LEI 120) 
NUE =120. 
* Harvest index (0.4 in LEI, 0.45 in HEI) 
HI = 0.4 
* Fraction root 
FROOT =0.1 
* Biomass reduction due to no biocide application 
BRED =0.1 
* Undetectable fixed fraction 
FIX =0.3 
* Recovery of undetectable fixed fraction 
RFIX =0.5 
* Recovery reduction organic matter relative to fertilizer 
RECRED =0.67 
* Fraction of nitrogen that can be recycled 
RECYC =0.5 
* Irrigation efficiency 
IEFF =0.5 
